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To the Honorable Aqueduct Commissioners : 



Gentlemen : I herewith respectfully submit the Report called for by your 
Resolutions of March 24, 1886, and June 22, 1887, on the subject of High 
Masonry Dams, both curved and straight in form. 

The plans presented for the straight Quaker Bridge structure were made 
after long study of the forces and strains to be sustained, allowing for large 
factors of safety against overturning, crushing and sliding. The best proportions 
and form consistent with safety and reasonable economy were designed, with great 
care to meet all requirements of strength and stability. 

The world's experience in the designing and construction of great dams, 
together with the investigations and opinions of the highest authorities, in 
Europe and America, were collected and considered in the plans prepared and 
presented to the Commission. 

The strength and cost of a straight dam, resisting hydraulic pressure, ice, 
wind and wave action by its weight only, was compared by mathematical 
results with the stability and cost of a dam in the form of a horizontal arch, 
transmitting thrusts to the hill-sides. For the Quaker Bridge structure, the 
strength, economy, and safety, of the straight dam, so far exceeded what was 
obtainable by the curved form that I can only account for the construction on 
a curve of so many large modern masonry dams, from the fact that only within 
a few years has the question begun to receive the attention it deserves from 
trained and experienced hydraulic engineers and authors. 

The popular belief in masonry arches to bear great weight or pressure, is 
justified when confined within reasonable limits. But no masonry bridge arch of 
over 300 feet span has been constructed. 

Beyond that length of span, the crushing strain, sustained by voussoirs, 
exceeds safe limits on their mortar joints from the Weight of the masonry alone, 
without the added load the bridge should carry. 



It would therefore be out of the question to construct a masonry bridge 
of the length of Quaker Bridge Dam (1350 feet long) as it would be over four 
times the limit of safety in a possible span. The arch of a curved dam, however, 
does not carry any part of its own weight (as in the case of a bridge), therefore 
its strength of arch will bear only the water pressure against it from a full 
reservoir. 

I invite your attention to the following statements on the curved form. 

1st. When the section of the Quaker Bridge Dam is of a required area 
of cross section to resist reservoir pressure by its own weight, and is then built on 
a curve, the dam cannot act as an arch. 

Such a section (See E F G H, Sheet B) will closely approach the shape of a 
right angle triangle, with its apex at the surface of the reservoir. 

The water pressure against it, from a full reservoir, will be nothing at the 
surface, and as the pressure increases, at successive depths, a corresponding 
thickness of masonry in this section increases in due proportion down to its base 
to sustain such pressure. 

In order that arch-thrust may act to transmit pressure to the hill-sides, an 
elastic movement of the masonry, resulting from water pressure, must, of necessity, 
take place to produce such thrust. 

This approximate triangular section of masonry is of a form that will best 
resist and practically stop such elastic movement, in the plane of the cross-section, 
that transmits arch-thrust. It must be remembered, that the possible elastic 
movement of the vertical transverse cross-section is insignificant when compared 
with the longitudinal elastic yield through so long a dam. 

In short, the stiffness of the triangular cross-section prevents the far greater 
longitudinal elastic movement required to permit appreciable arch-thrust to reach 
the hill side. 

Therefore, a long, curved dam with a gravity section will resist hydraulic 
pressure against it by its own weight, ahd not by arch action. 

2nd. Let us next consider the effect of reducing the cross-section for a 
curved dam at Quaker Bridge, by reducing its breadth of base and thickness of 
masonry, to a degree that permits bending, or elastic movement, that will allow 
the dam to act as an arch. Assume the thickness of the dam forming the arch 
ring to be from 80 to 100 feet, and that it will be sufficiently elastic. We then find 
that, with a radius of 900 feet, we will have a pressure on voussoir joints of from 
42 tons to the square foot with 80 feet breadth of section, to 39 tons with 100 feet 
breadth of section, on the supposition that the line of strain bisects each 
joint. Such pressures are, however, beyond safe limit for hydraulic 
masonry. Again, the elastic movement will throw the weight resultant near the 



end, or outside of the base, causing a tensile strain in horizontal joints of the 
inside face, which should not occur, as it causes a tendency to rupture the masonry 
and create leakage. 

It is evident, therefore, that we cannot reduce the section or thickness of so 
long and high a dam in order to force it to act as an arch, without causing 
dangerous and complicated strains. 

3rd. We must next consider the effect of increasing the cross-section or 
thickness of the dam at Quaker Bridge, in view of broadening the voussoir joints 
for reducing the thrust pressure of a curved dam of 900 feet radius, to 16 tons to 
the square foot, the limit of pressure in the straight gravity plans which have 
been submitted to you. We find that it produces a section (A B C D, Sheet B) 
that is nearly double that required for a straight gravity dam (E F G H), having 
proportionately less tendency to act as an arch, than in the first mentioned case ; 
while, at the same time, it adds 100 per cent, to the cost. 

It, therefore, becomes evident that it is impossible to construct a curved 
dam at Quaker Bridge which will act as an arch to any appreciable degree, and 
consequently .there is no valid reason for risking the complicating and serious 
rupturing strains, which a curved dam will produce ; or, for the increased expense 
it would entail. 

In order to verify the above statements and figures, I have worked out a 
formula, and used it for the calculations on curved dams herein given, verifying 
them by the formula of moments, where that formula became applicable. (See 
Sheet A, Fig. i.) 

In a curved dam having a radius (R) sustaining a weight of water pressure 
(W) and total pressure (p) on a voussoir joint of any span or chord (C), then we 

have the formula (p — ' , " ). 

The demonstration of the above formula is as follows : (Fig. i). 

Let A E and B E be drawn perpendicular to the radii A D, and B D, and 
tangent to the curve A W B. Take E g equal to the weight ( W) of water pressure 
on a belt of the dam one foot in breadth, and the length of the chord. 

From (g) draw g h and g i parallel to E B and E A. Then will E h g i 
become a parallelogram of forces, and E h equals one component, normal to the 
voussoir joints at A, and equals the total pressure (p) on that joint. 

The triangle E h g is similar to the triangle A D B, their sides being perpen- 

WR 

dicular to each other, therefore A B : E g : : A D : E h, or C : W : : R : p, and p— , 

The radius, weight and chord, or span, being known, the pressure p is found by 
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this formula, which being divided by the area of the joint in square feet gives the 
average pressure per square foot. 

This formula proves the fact that, with a given radius, the total pressure on 
each of the voussoir joints is equal and remains the same to all lengths of span, 
from the length of a voussoir, to the total length of the dam, and that the pres- 
sure on voussoir joints increases as the length of radius increases. If we assume 
a value for (p), we can find the value of R by the above proportion, which becomes 

w • 

Now, if we assume a rectangular section equal to the area of the section 
presented for the straight Quaker Bridge Dam, it will be loi feet in breadth, 
limiting the pressure to i6 tons to the square foot, then (p) or the total pressure 
on a voussoir joint, ten feet long on the extrados chord, will be 1616 tons at a depth 
of 107 feet below the surface and (VV) will be 51 tons for the same span of ten feet 
on a belt one foot broad. 

Then, by the formula, R^ ^J- equals 316.8 feet as the length of the radius 

required to maintain the conditions. This radius will not be long enough to span 
the valley at the Quaker Bridge site, even with a half circle. 

In other words, with the same area of section in the better shape to act as an 
arch (because it admits of greater elastic movement), and with the same limit of 
pressures that exists in the plans before you for the gravity Quaker Bridge 
Dam, the radius must be so short that the dam cannot span the valley. To 
further illustrate the above statements and call your attention to another impor- 
tant matter bearing on the subject of the Quaker Dam, I will suppose that the 
Quaker Bridge Dam be built on a curve having a radius of 900 feet ; that instead 
of being a dam, it is a wall 250 feet high, making a complete circuit forming a 
well, resisting water pressure on its entire exterior circumference, 260 feet in depth, 
as in Figure 2. 

The voussoirs all being of equal size it is evident that the hydraulic pres- 
sure (W) normal to the outer chord of each of the voussoirs, will be the same at any 
fixed depth below water surface, and the total pressure on all the voussoir joints 
will be equal. 

The thrusts of all the voussoirs will balance each other and produce an 
equilibrium of voussoir pressures in any horizontal plane, at any depth, all around 
the circle, because the elastic movements to produce these pressures is perfectly 
balanced. The pressure of (a), (Fig. 2) towards (b) equals (b) towards (a), and 
the pressure of (e) towards (f) equals the pressure of (f) towards (e), etc. Now 
a hill-side abutment may be substituted for voussoirs (a) or (e). 



Therefore with the same radius and section of dam, increasing the span, does 
not increase the total pressure on voussoir joints as above stated. 

In the complete circle, however, perfectly balanced elastic movement takes 
place to produce uniform pressure on the several voussoir joints. 

But when the thrust of a curved dam is sustained by unyielding hill-sides, the 
hill-sides do not respond to the elastic movement (as in the case of voussoirs in the 
complete circle), consequently the line of transmitted resultant pressure through 
all the voussoirs cannot pass (as in the complete circle) uniformly through the 
same part of the voussoir joints, but will take a direction approaching to the line, 
d, d, d, in Fig. 3, because of the tendency of the arch to flatten, and take the form 
of the dotted lines in Fig. 3 ; therefore, with a fixed radius, although the total 
pressure on the voussoir joints does not increase with the span, the resultant line 
of transmission of thrust does increase crushing strains. 

It causes the line d, d, d, to fall near the ends of the joints tending to greatly 
increase the strains, so unevenly distributed on the different joints, and also tends 
to buckle and crack the arch, as well as to crush. 

No experimental data or formulae exist to enable us to measure these arched 
dam-thrust strains with any degree of accuracy. 

It is probable that the line of strain near the centre and ends of the dam will 
fall outside of the middle third of the joints, more than doubling the crushing 
strain of 42 tons, given in the second case mentioned above, or over 82 tons to the 
square foot. 

Therefore, the building of any arched dam must be regarded as experimental 
in character ; it is far safer and less expensive to avoid such complications and 
build straight dams to resist hydraulic pressure by their weight only. 

The most reliable formulae ior giving the maximum pressure on the outer and 
inner toes of a gravity dam are not perfect, because no adequate experimental 
data exist to give the elasticity of large masses of masonry and enable that factor 
to be included in the formula, but we know that by neglecting such factor the 
calculated strains exceed what will actually take place, and that we will, therefore, 
be within safer limits than the formula indicates. Whereas, in the calculations for 
curved dams, the reverse is true. 

Many of the high dams we have obtained records of, are built on a curve, but 
all except one act as gravity dams, and their arched form must weaken their 
stability. 

The only existing curved dam which can and does act as an arch, is the Zola 
Dam, 205 feet long, 126 feet high, 41 feet broad at the base. 

I believe that sooner or later it will fail, becoming ruptured and weakened by 
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the action of changing pressures from the drawing out and refilling of its reservoir 
storage. 

To sustain the above statements, I will refer to the following authors : Pelle- 
treau advises that the arch form should not be used when the dam is more than 
131 feet in height and length. 

Delocre believes that the structure would cease to act as an arch when the 
thickness of this arch would reach one-third of the radius, and calculates the limit 
to be reached at a depth of 14.7 feet below the flow line and confines it to very 
short spans. 

Krantz gives the limit of the span at 131.2 feet with a radius of not more than 
65.6 feet. 

Rankine suggests that in very short spans, a slight curve be introduced to 
prevent the bending out of the top of the dam by water-pressure against it ; but 
states that he has no confidence in calculations for stability for arch-thrust in long 
dams, and intimates that the arch form is of doubtful utility even in short dams. 
He insists that the section should be such as to resist o>erturning by its own 
weight alone. 

Mr. E. S. Chesbrough was sent to Europe by the Department of Public 
Works to examine and report upon the principal dams existing there. From his 
examinations and studies during his trip, he pronounced against the curved form ; 
but his subsequent illness and death prevented the completion and presentation 
of his report. I can, however, testify to his stating that opinion to me while I was 
associated with him as Consulting Engineer in the Department of Public Works. 

McMasters holds that, having established a profile that will resist the pressure 
of water by its own weight, there is no valid reason for constructing it in the form 
of an arch, and thereby increasing its length and the cost of its construction. 

The standard authorities, both in Europe and in this country, agree that in 
long and high dams the sectional profile should be capable of resisting water pres- 
sures against it, by its own weight ; and that the curve increases the cost without 
adding to its strength. 

In fact, these general considerations militating against the arch have so 
satisfied them that they have not considered it necessary to go into more elaborate 
demonstrations. 

Inasmuch, however, as the curved form has been pressed by several speakers 
during the public hearings before this Commission, it becomes desirable that a 
careful statement be given you of the inapplicability of a curved form for long and 
high dams. 

The horizontal or bed joints in the stone masonry constructions are always 
more perfectly filled and are stronger than the vertical joints. The weight of each 
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stone maintains its bed and, as the load of superincumbent masonry increases upon 
it, these joints become more firm and compact. 

With the vertical joints this is not the case. In the straight dams, therefore, 
the most complete and strongest bed joints bear all the strain from the reservoir 
water-pressure against the dam, and the vertical joints of lesser strength are relieved 
from strain, while the reverse is true of the curved form. 

The plans for the Quaker Bridge Dam, submitted to this Commission, have 
received, as its magnitude and importance deserve, a longer and far more thorough 
consideration and study than has been given to any existing dam, and I, therefore, 
urge their acceptance with confidence. 

Figure (4). Sheet A will illustrate some static principles relating to gravity 
dams, wherein A B D is the form of a theoretical dam, calculated to exactly sustain 
the overturning pressure of water against it. 

There being no factor of safety against overturning, the resistance of the dam 
and the pressure of the water are in exact equilibrium. 

With these conditions, the resultant of pressure strikes at the end of a 
horizontal joint, and the dam takes the shape of a triangle, however high the dam 
may be. This, under the supposition that no arbitrary limit of pressures be fixed 
for the outer and inner toes, and that the tendency to crush is ignored. 

Let us now introduce a factor of safety of (2), against overturning, by adding 
to the breadth of the dam to increase the length of the joints. 

This correspondingly increases the bulk and weight of the masonry to a degree 
that will require exactly twice the water pressure (to produce overturning) that a 
full reservoir can ever exert. 

With these conditions, and ignoring excessive pressures, the dam again takes 
the form of a triangle, as shown on Figure (4) by the lines A B, A C, C B. 

But if (with masonry weighing 156.25 pounds to the cubic foot) we limit the 
pressures at the toes of the dam to 16 tons per square foot, that pressure will 
obtain at the line a a, 205 feet from the surface of high water. 

Below that point, the limiting of pressure to 16 tons per square foot will cause 
the straight lines of the triangular form to bend into the curves a b E and a c F 
maintaining uniform pressure below that point, lengthening the joints beyond the 
ratio of the triangle which produces curves. 

We will next consider the reasons for departing from the last described 
theoretical section A F E, to that of the section under consideration, shown by the 
outer dark lines of Fig. (4). 

In the theoretical section the resultant forces strike exactly at the end of the 
middle third. Any additional strain of ice, or wave and wind action would, 
therefore, produce tensile strains on the inner face as above stated. 
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To prevent such strains, the section must be broadened lengthwise with the 
joints, to distribute the increased weight. 

Again, as the maximum pressure will be on the reservoir side, or inner toe, 
during construction, before sufficient age has given the mortar time to thoroughly 
harden, we must make a second increase of section to obtain smaller pressures than 
will exist at the outer toe with a full reservoir. 

The maximum strain with a full reservoir will not come upon the outer toe for 
months after the structure is completed and the mortar is well hardened. 

The weight of the gravel and water resting on both toes of the dam up to the 
river bed at g h i and g\ h', i' (not considered in the theoretical section) calls for a 
third increase. 

To maintain the limitations of pressures fixed upon, the back pressure below 
the river-bed against the outside of the dam (not considered in the theoretical sec- 
tion) demands a fourth variation, which slightly diminishes the section. 

The fifth variation, increasing the area of the section, is required to thicken 
and strengthen the outer toe. 

We now come to the last cause of change from the theoretical section, at the 
top of the dam. This sixth increase of section and weight on the diagram (shown 
at A k t) is required to resist ice, wind and wave action. 

The addition of this weight enables us to encroach upon the theoretical section 
at t,-t',-t "-without reducing the several factors of safety below the limit fixed ; while 
it adds to the required breadth of section throughout the lower portion of the dam. 

The strain sheet, and its tables, exhibit how evenly all the factors of safety are 
maintained in the final section, under consideration, providing for all the above- 
mentioned disturbing conditions. 

As no demonstration could be found of Sazilly's trapezoid of pressure for great 
dams, I have developed one and obtained a formulated and graphic method of 
calculating the pressures on the outer and inner toes of joints of high m.asonry 
dams, and used them to re-calculate the pressures on the strain sheet obtained by 
the formula of moments, as a check on those results. 

By this method, as in all others, we must neglect the factor of elasticity in 
masonry, which affects the results but slightly, and introduces a factor of safety. 
The demonstration is as follows : (See Fig. 5). 

When the resultant of horizontal and vertical pressures cuts the joint or base 
A, B, in the middle, all the vertical components must equal each other, and each 
will equal the total weight of masonry (W) divided by the length (1) measured by 
the lines A, D, g h and B S. Then the trapezoid of pressures becomes a rectangle 
and the resultant will cut the base at the same point g, where a vertical line passing 
through the centre of gravity of the rectangle meets the base. 
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When the resultant cuts the base, A B, at the end of its middle third (k), then 

the aggregation of all the vertical components will form a right-angle triangle I A 

B, measuring the total weight of masonry, and consequently equal in area to the 

rectangle A B S D. The resultant will also cut its base at the same point k, at 

which a vertical line passing through its centre of gravity will cut the base. This 

2W 
triangle must have a height, B I, equal to twice g h, and equal to — ^-and will 

equal the pressure (p) at B, the outer toe of the dam, while the pressure on the 
inner toe A, becomes zero. 

If the resultant should cut the base outside of the middle third, the pressure 
at A would become a minus quantity, producing undesirable tensile strains. This 
illustrates the reason for confining the intersection of the resultant within the 
middle third of the base^ When the resultant cuts the base within and at any 
point other than at the middle, or at the end of the middle third, a trapezoid will 
be formed which must be equal in area to the rectangle or the triangle. A vertical 
line dropped through the centre of gravity of this trapezoid and also the resultant 
must cut the base at the same point. 

In the rectangle of pressures when the resultant cuts the centre of the base 

both p and p'*— 7 • 

In the triangle, when the resultant cuts the end of the middle third p-=:l- - 

and p'— o. 

To find the pressure p and p' when the resultant cuts the base at some other 
point (m); produce g h the vertical component of the rectangle at the middle of 
the base, upward through Z and perpendicular to D S. At the point k, where the 
resultant of the triangular area of pressures cuts the end of the middle third of the 
base, project a line perpendicular to A I until it meets g h produced at Z. From 
m draw the straight line m Z, and through the intersecting point h (common to the 
upper sides of all possible trapezoids of pressure) draw the line o t, perpendicular 
to m Z. Then will o B equal p, and t A equal p' the pressures sought. 

The sides of the triangles k Z g, are perpendicular to the sides of I S h. 
These triangles are therefore similar. For the same reason, the triangles m Z g 
and o h, S, are similar. 

Representing the lines Z g by (a), k g by (b), S h by (c), I S by (d), m g by 
(e), and o S by (n). 
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GRAPHIC METHOD. 

Hiaving fixed the point Z, by the method above described at the intersection 
of g Z and k S, from the point m where the resultant cuts any part of the base / 
connect the points m and Z by a straight line. Through the point h draw a 
straight line perpendicular to m Z, cutting B S and A D (or these lines produced) 
at o and t, then will 

p— Bo 

p'— A t. 

By making one-sixth of the base measure . in tons to the square foot (u 

being the end of the middle third) then the triangles Zg K and h S I, also Zg m 
and h S o, are not only similar but equal, and p=u m and pi = Km, measured 
directly from the strain sheet, when a scale one-sixth of the base measures and 

equals m tons — . 

The same data being required for both the formula and graphic method, 
makes it convenient to check one by the other. 

As Consulting Engineer, A. Fteley could best give time to arrange, collate 
and present to you the information we have obtained respecting existing dams, 
called for in your resolution ; I have requested him to embody those matters in 
his report, together with any further detailed technical presentations that might 
suggest themselves to him. 

The details for the tightest mode of bonding, by breaking joints vertically as 
well as horizontally, the systems of masonry in construction, and a method of 
securing tightness on the interior face, I have prepared for contract and working 
drawings to be made, when the Commission has settled on the main features of 
the plans now under consideration. 
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1,687.50 


36.0 


46.87 


21.875 


1,968.75 


44.0 


44.51 


25.000 


2,250.00 


51.5 


4368 


28.125 


2.53^-25 


59.5 


42.55 


31.250 


2,812.50 


67.1 


41.91 


34-375 


3,093.75 


77.6 


3991 


37.500 


3,37500 


88.4 


38.17 


40.625 


3,656.25 


98.5 


37.11 


43.750 


3,937.50 


1094 


.'5-99 


46.875 


4,218.75 


120.5 


3501 


50.000 


4,500.00 


131.3 


34.28 


51-125 


4,781.25 


141.S 


32.60 


51.256 


4,613.04 


152.7 


30.21 


51.256 


4,613.04 


164.0 


28.13 


51.256 


4,613-04 


174.0 


26.51 


51.256 


4,61304 


185.0 


24.93 


51.256 


4,61304 


195.5 


23-59 


51-256 


4,613.04 


204.5 


22.55 


5^.256 


4,613.04 


212.0 


21.75 


51.256 


4,613.04 


216.0 


21.35 


51.256 


4,613.04 


216.0 


21.35 



The results of the above table are graphically exhibited in sheets (B) and (C). 

Very respectfully, 

B. S. CHURCH, 

Chief Engineer. 
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New York, July 25th, 1887. 

B. S. Church, 

Chief Engineer y Aqueduct Commissioners, 

Sir: 

The following is a brief synopsis of the research on the question of high 
masonry dams, which you requested me to make for the ultimate purpose of 
determining the formis, dimensions, materials and mode of construction of the 
proposed Quaker Bridge Dam. 

It is of such importance for the welfare of the future water supply of New 
York that this subject should be exhaustively studied, and the amount of money 
involved is so large, that the necessity of acquiring a full knowledge of the 
practice followed by other engineers in similar instances, became at once evident ; 
their methods were carefully considered and weighed, and the best practice was 
followed, as much as practicable. Owing, however, to the unprecedented 
magnitude of the proposed dam, which gives rise to some important problems 
heretofore unsolved, it became necessary, in some instances, to leave the beaten 
path and to resort to a basis of operations different from that established by 
others. 

It should be said here that the subject, when submitted to us, was not entirely 
new, and that we had the advantage of having before us the result of the joint 
work of Messrs. Isaac Newton, Chief Engineer, and E. S. Chesbrough, B. S. Church 
and J. W. Adams, Consulting Engineers, of the Department of Public Works, for- 
mulated in the offrcal plan of Quaker Bridge Dam, submitted by the Department 
of Public Works to the Aqueduct Commissioners. 

It is not within the scope of this report to consider the advisability of the 
construction of Quaker Bridge Dam as an essential part of the new system of 
water supply for New York ; the opinion of high engineering authorities should 
place beyond a reasonable doubt the necessity and feasibility of the structure, but 
additional confidence in its ultimate success must be obviously increased Ey a 
consideration of the high masonry dams now in successful operation, although of 
less magnitude. The most important ones have been represented in section and 
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in plan on sheets Nos. i and 2, which accompany this report. Table I. gives 
statistical data in regard to the greatest number of them, and does not require any 
explanation; in many cases, data which appeared of interest for the purpose 
of comparison, were obtained by calculation from plans and other sources of 
information at hand, but they are in every case designated by proper references. 

A glance at sheet No. i shows a great variety in the shape of the transverse 
sections of the various dams. The older Spanish Dams, Puentes, Alicante, Val 
del Inferno, etc., are conspicuous by their heavy sections; it is plain that their 
constructors did not design them in accordance with the best principles, and 
that they have, by accumulating masonry, uselessly increased the pressures on the 
lower part of the dams. From these increased pressures, however, which in 
the Almanza Dam attain fourteen tons per square foot, we may derive the proof 
that the low limits of pressures, recommended by the more modern authorities, can 
be safely exceeded, as the old Spanish Dams (with the exception of the Puentes 
which failed from a different cause) have been in long and successful operation. 

The modern French type is represented on sheet No. i by the following 
dams: Furens, Villar, Ban, Habra, Komotau, Ternay, Hamiz, Gran Cheurfas, etc.; 
it is almost needless to add that this form, first indicated by Mr. Sazilly, is due to 
a better understanding of the magnitude and direction of the forces acting on 
a dam, at various stages of the water in the adjacent basin, and that it is from 
the construction of these dams, and from the indications of their designers, that the 
most useful information can be procured. 

Other modern dams, the Gileppe, the Vyrnwy, the Zola, present special 
features which shall be considered in time. 

Before entering into the consideration of these various structures, however, 
it is proper, in order to comply with the request of the Aqueduct Commissioners, 
that I should refer, as succinctly as possible, to the authorities which have been 
consulted on the subject, and to the views advanced by them. 

We know little or nothing of the methods used by the engineers who built the 
old Spanish Dams to determine their proportions. The design of the more 
modern dams, built later in France, for the water supply of canals, '* show 
(says Mr. Krantz) a clearer conception of the forces to be overcome, and 
greater care in regard to economy. In a word, they show a real advance in the 
art of building. Still they are not irreproachable. It is obvious that they cannot 
be taken for models," 

Mr. Sazilly was the first* to consider the subject in all its bearings. **With 
rai'e insight,** he was able to discern the nature, amount, and direction of the various 



*Annales des Fonts et Chaussees, 1853. 
•♦Krantz, p. 21. 
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forces which act on reservoir walls at the different periods of filling the basins. 
From them he deduces rational forms to be given to constructions of this sort." 

His deductions led him to a profile of a stepped section, which he advocates 
for several theoretical and constructive reasons ; he recommends a limit of 
pressure on the masonry of about six tons per square foot, and shows his profiles 
to a height of i6o feet. His method of calculation is intricate and requires, as 
usual in such cases, a series of approximations ; he assumes that the pressures are 
distributed in accordance with formula (i and 2) page 25, which seems to have 
been universally adopted to express the distribution of pressures on any horizontal 
joint of a dam, and which will be mentioned again in the course of these remarks. 

Mr. Delocre* developed a very complicated method for determining the 
profile of high masonry dams, which he applied to the design of Furens Dam, 
admits a limit of pressure of about six tons per square foot, and does not confine 
the point of application of the resultants to the middle third of the joint ; he 
assumes in his calculations for the masonry a weight of 125 lbs. per cubic foot. 

Mr. Graeff,t who had charge of the construction of the Furens Dam, must 
be mentioned as the author of a description of that structure. 

Mr. Krantz J gives an interesting and comprehensive review of the subject 
of high masonry dams, and suggests a full series of profiles for dams of various 
heights, on which the ultimate pressures are about 6.1 tons per square foot. He 
does not develop the methods which led him to the determination of his profiles. 

His exposition of the comparative sections of high masonry dams is very 
complete. 

§ Professor Rankine, taking occasion of his being called upon to report on the 
construction of a proposed dam in India, gives his views on the subject of high 
masonry dams. He calls attention for the first time to the necessity of using a 
lower limit of pressure on the front than on the back face, for the reason that the 
pressure upon a curved face of masonry, at any point, is tangent to the curve at 
that point. 

He also argues on the advisability of keeping the resultants within the middle 
third of any joint, in order to avoid tension, which, he claims, would otherwise 
exist at some points of the faces. 

Finding also that, for dams not exceeding 150 feet in height, logarithmic 
curves give a close approximation to a correct profile of the faces and furnish a 
rapid method for determining the outline of a dam section; he recommends their use. 



* Annales des Fonts et Chaussees, Oct., 1866. 

t Annales des Fonts et Chaussees, Sept., 1866. 

t Study of Reservoir Walls, by J. B. Krantz, translated by F. A. Mahan, 1883. 

§ Miscellaneous Scientific Papers, 1S81. 



22 



* Mr. Bouvier, in an article on the Ternay Dam, claims that formula (i and 2) 
p. 25, used to compute the distribution of pressure on the base of dams, should be 
so modified as to make the resulting pressure depend upon the oblique resultant, 
in the case of a full reservoir, thus increasing the pressures as otherwise 
calculated. 

This method accomplishes the suggestion of Prof. Rankine to adopt a lower 
limit of pressure for the front face. Mr. Bouvier departs from the practice of his 
predecessors, and admits, on the strength of the crushing resistance of rubble 
masonry and of hydraulic lime mortar, as shown by Mr. Vicat, that the pressure on 
masonry can be safely increased to 14 1-3 tons per square foot. 

f Mr. Pochet gives a description of the Habra Dam in Algeria, refers to 
the poor quality of the materials used and, after giving a list of pressures which 
obtain in various cases, adds that the limit of pressure of six tons per square foot, 
generally admitted by engineers, must not be taken as absolute, and that, in his 
belief, experience will lead to a much bolder practice within the limits of safety. 

J Mr. Pelletreau, after a purely theoretical discussion upon the designing of 
high masonry dams, submits a mathematical method no simpler than that advanced 
by Mr. Delocre. 

§ Mr. de Beauve has devised a graphic method for determining the profile 
of high dams ; his method considers only the limiting condition of pressure, and it 
requires considerable modification to introduce the condition of confining the 
point of application of the resultants to the middle third of the base. The deter- 
mination of a profile by this method is very laborious, but exact. 

Mr. Guillemain, Professor of the School of Ponts and Chaussees, Paris, in an 
unpublished lecture delivered at that school, reviews the whole subject of designing 
high masonry dams ; he considers that the points of application of the resultants 
should be confined within the centre third of the base, and he takes the same 
views of the computation of pressures distributed on the base of a dam, as for- 
mulated by Mr. Bouvier, and suggested by Professor Rankine. 

I Mr. McMaster gives some mathematical equations for the determination 
of a profile ; he also devotes considerable space to certain practical considerations 
in regard to the building of masonry dams. 

** Mr. Aymard, having access to the early public records concerning the older 
Spanish dams, has made use of that information, in connection with his examina- 



* Annates des Ponts et Chaussees, Aug., 1875. 

f Annales des Ponts et Chaussees, April, 1875. 

i Annales des Ponts et Chaussees, Oct, '76, Aug., '77, Mar., '79. 

§ Manuel de Tlngenieur des Ponts et Chaussees, translated by £. Sherman Gould, C. £., 1881. 

I *' High Masonry Dams "; Van Nostrand's Science Series, No. 22. 

** Irrigation du Midi de I'Espagne. 
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tion of the structures, to give a complete account of them ; interesting facts con- 
nected with the construction and use of the dams are found in the work. 

* Mr. Crugnola, in his exhaustive treatise on retaining walls, devotes a con- 
siderable space to masonry dams ; he shows the sections of a number of dams, 
and gives a graphic method for determining the lines of resistance in any assumed 
profile. 

The author recommends typical sections for various heights up to 164 feet. 
• The following documents, bearing on the subject, have also been consulted, 
viz. : 

The manuscript report of Mr. Bideau to the Minister of Public Works of 
Belgium, on the plan of the Gileppe Dam. A memoir on the same structure by 
Messrs. Detienne and Leclerk. 

Miscellaneous notes on the same dam [Proc. Inst. C. E, Engineering News, 
etc.] 

An article on high masonry dams by Major Tulloch [Professional Papers on 
Indian Engineering.] 

Proc. Inst. C. E. Vol. 56, p. loi, on the description of a dam built of concrete 
in Australia for the Geelong Water Supply. 

Proc. Inst. C. E. Vol. 71, p. 379, giving a short description of the Villar Dam. 

Scientific American, May 28th, 1887. A historical and descriptive review of 
earth and masonry dams, with plans, by David Gravell. 

A report by Mr. Geo. F. Deacon, C. E., as to the Vyrnwy Dam for the 
water supply of Liverpool, with full account of the methods used for the deter- 
mination of the profile and for the construction. 

A paper by W. B. Coventry, Proc. Inst., C, E., Vol. 85, Paper No. 2 no. 

Annales des Fonts et Chauss^es, June, 1872. A detailed and illustrated 
description by Mr. Famairesse of the Barrage de Cheliff. 

Annales des Fonts et Chauss^es, Vol. XL, 1886. A theoretical discussion by 
Mr. Hetier upon the designing of the profile of masonry dams. 

Giornale del Genio Civile, 1885 ; also, Bacini di alimentazione per cura di 
G. Torricelli, C. E. 

Annales des Fonts et Chaussees, June, 1872. A detailed description of the 
Masonry Dam on the ** Canal du Verdon," in France, by Mr. deTournadre, with 
note describing the Barrage de Zola, 1 24 feet high. 

Torricelli. — Relazione presentate al Minis tero di Agricoltura. 

Lagrene. — Cours de Navigation — II. 



* Muri di Sostegno. G. Crugnola. 
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Die Thalsperre der Gileppe bei Verviers (F. Kuhn, Dresden). 

Der Civilingenieur for 1879. 

In addition to these special references, it is obvious that other classical and 
well known authorities have been consulted. 

When considering the exceptional magnitude of the proposed Quaker Bridge 
Dam, it becomes at once apparent that it is necessary to depart in its design, to a 
considerable extent from the practice hitherto followed. The accumulation of 
ponderous solid masonry with the great and ill-defined strains to which it must be 
submitted is at best, although the only advisable one under the circumstances, a 
rude and expensive way of solving the problem, and some attempt was made to see 
whether, in this case, a structural building could not be erected, with its various 
parts so designed as to resist well known strains, and render it comparatively 
easy to locate and remedy defects, if any were found, after construction. 

This study led to the form of an inclined plane, built of masonry of sufficient 
quality and thickness to resist the percolation of water, and supported on groined 
arches and stone pillars, the junction of the structure with the sides and bottom 
being effected by means of heavy masonry walls penetrating the rock to suitable 
depths. 

Whatever may be the objections to such a structure, it may be seen that all its 
parts would be subject to well known strains, and would be left open to inspec- 
tion ;• this research, however, was not extended beyond its preliminary stages, 
because it soon became evident that the masonry pillars and other parts support- 
ing the structure, should be made of such cut stone masonry as could support the 
heavy weight reposing on them, and that the total cost of the dam would be 
unreasonably high. 

An iron structure built on the same principle would be feasible and econom- 
ical, but would not present such guarantees of permanence as must obtain for a 
dam which is to be the main reliance of the future water supply of New York. 

An earth dam, with a core of masonry, was also considered. In such struc- 
tures, the thrusts exerted by the earth against the centre wall, during construction 
and at the different stages of the water surface, when filling or emptying the 
adjacent basin, are unknown or, at the best, very uncertain ; if the wall became 
fractured under their action, or allowed the water, in places, to pass through ; 
the leaks, under such a considerable and unusual pressure, would endanger the 
stability of the earth embankment. Moreover, the authorities agree that this kind 
of structure is not safe to adopt beyond a certain limit of height, and it was 
thought unwise to attempt an experiment which, owing to the importance of the 
interests involved, was not justified by the saving in expense which might have 
been effected by its adoption. 
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In this case, where the welfare of New York is concerned, and where the 
consequences of a possible disaster with 30,000,000,000 gallons of water behind 
the dam, may well be imagined, we must deal with certainties ; we have before 
us many successful instances of masonry dams, although of less magnitude, and 
the proposed structure can be so proportioned and constructed in masonry as to 
stand effectually the great pressure to which it is to be subjected. 

After this preliminary consideration of the subject, it was consequently 
decided, in conformity with the opinion expressed by the Engineers of the Depart- 
ment of Public Works, to build the dam of solid masonry with such differences 
from previous engineering practice as would be necessitated by the special features 
of the undertaking. 

In designing the profile of the dam, three well known main conditions are to 
be observed. 

1st. The point of application of the resultant of the forces acting on the 
dam, whether or not it be under water pressure, must not be beyond 
the centre third of the base 

2d. The pressures on the masonry at either face, and at any point, must 
not exceed a certain safe limit. 

3d. The sections of the dam, at any point, must be such that no sliding 
can take place. 

The means used by the various authorities, analytically or graphically, for the 
determination of profiles fulfilling wholly or partly these conditions are somewhat 
different, but the greater number having based the computation of the distribution 
of strains on the lower joint of the dam or on any horizontal joint, on the method 
reproduced by Mr. De Beauve* in his ** Manuel de V Ingenieur," it is proper that 
attention should be called to it. 

The pressure at each end of the base or joint ** is given by one or the other 
of the two formulae. 

(.)p-(.-f)^ 

, . 2 w 
(2) p — 

according as u is greater or less than — •" 



* Manuel de 1' Ingenieur des Fonts et Chaussees. Translated by E. Sherman Gould, C. E., 1881. 
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/— length of base or joint. 

p— .pressure per unit of surface at one end of base or joint. 

u-« distance from the point of application of the resultant to same end of 
base or joint. 

W— total pressure on base or joint. 

This method is based on the hypothesis that the masonry forming the dam is 
absolutely rigid and leads to the conclusion that the maximum pressures, on any 
base, take place at one end of it when the reservoir is full and at the other end 
when the reservoir is empty. But the structure is not rigid, and there is obviously 
some uncertainty in regard to the distribution of the strains through the mass of 
the masonry. This view of the subject is illustrated in the following extract of a 
report of Mr. J. B. Francis to the Chief Engineer of the Department of Public 
Works. 

''The main part of the dam, I am informed, is intended to be of rubble 
masonry laid in. Portland cement. 

*' Although the work may be done in the best manner possible, it will yield a 
little to the pressure, and the amount of the compression in different parts of the 
dam will be unequal and nearly proportional to the pressure and depth of the 
mass of masonry at its different parts. The amount of the compression at 
different points may be too small to be observed, but I am of the opinion that it will 
be sufficient to modify to a material extent the result of calculations based on the 
hypothesis of an incompressible mass, and the effect, I think, must be to cause a 
distribution of pressure very different from that indicated by the calculations, and 
to relieve to a great extent, if not entirely, the outer toe of a high dam designed 
strictly according to the De Beauve method, from the pressure due to the weight 
of the high part, combined with the horizontal pressure of the water against the 
up-stream face of the dam. The entire weight must, of course, be supported on 
the base, but I think a much larger proportion of it will be upon its central parts, 
than is indicated by the calculation, and that the pressure at the toe, instead of 
being a maximum, will be a minimum." 

As an additional illustration of the uncertainty of the distribution of pres- 
sures on the bases of dams, the following extract from Rankine's *' Miscellaneous 
Scientific Papers," may be of interest : '* The assumption on which this rule is 
based, of an uniform rate of variation of that component of the pressure which is 
normal to the pressed surface, is known to be sensibly correct in the case of 
beams, and is probably very near the truth in walls of uniform, or nearly uniform, 
thickness. Whether, or to what extent, it deviates from exactness in walls of 
various thicknesses is uncertain in the present state of our experimental 
knowledge." 



27 

Whatever may be the distribution of the pressure on the base of the dam, it 
must be admitted that the strains are distributed otherwise than indicated by the 
formulae; but as we have no other means of determining these strains with 
accuracy, and as, on the other hand, the formulae indicate resulting pressures 
larger than they are in reality, the profiles based on that method show an excess 
of strength which gives a further guarantee of safety. 

The distribution of strains on the base and horizontal joints of the dam has 
consequently been computed, in the numerous cases considered, by formula [i] 
with the understanding that it indicates, at the ends of the joints, pressures 
evidently higher than the actual ones, thus adding to the computation a factor of 
safety of important, although uncertain, value. 

The sections of dams built or proposed by various authorities have been 
determined by methods involving the consideration of the horizontal and vertical 
forces acting on the dam, and of the magnitude, direction, and application of 
their resultant force. Those methods, with the exception of some analytical ones 
mentioned before, and which are too complicated for practical use, proceed by 
successive approximations of the profiles, and require considerable time. As it 
was desirable, in this research, to go thoroughly over the ground and review a 
number of different profiles before coming to final conclusions, a more expeditious 
method was sought and used for a large portion of the preliminary studies. 
This method, although proceeding by successive approximations, was found of 
great service for simplifying the computations. It is based upon the principle of 
moments. 

For convenience and accuracy, the profile is divided into horizontal layers of 
a given thickness. The calculation is begun at the top of the dam, each layer 
being figured separately. A layer being given, and the profile of the dam above 
it being known, certain dimensions are assumed for the lower joint of the given 
layer; and the position of the two resultants (in case the reservoir is full or 
empty) are determined by taking moments about assumed axis. If the first 
profile does not give results in accordance with the assumed limiting conditions, 
another is attempted, and a third attempt is very rarely needed. 

To simplify the computations the weight of the cubic foot of masonry is 
taken as the unit of weight throughout the calculations ; consequently, when con- 
sidering a vertical section of the dam one foot thick, the area of the section in 
square feet will give the weight in cubic feet of masonry; hence laborious reduc- 
tions are avoided. 

A practical example of the method will illustrate it. 

The upper part of a dam m, n, a, b. Fig. 5, Sheet No. 5, being already known, 
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It is desired to determine an additional section 20 feet high. The depth of water 
above the base of the new part is 1 50 feet. 

The weight of masonry is assumed at 156.25 lbs., per cubic foot. (This 
weight is within less than a pound that of a block of masonry built for experi- 
mental purposes with stone quarried in the neighborhood of Quaker Bridge Dam, 
and has the advantage of being a single multiple (2.5) of the weight of a cubic 
foot of water.) The limiting pressure for the back face is supposed to be 
20,625 lbs. per square foot (10 kilos per square centimetre) -= 132 units, expressed 
in cubic feet of masonry ; the limiting pressure on the front face being 105 cubic 
feet of masonry. 

We want to find first the point of application of the resultant when the 
reservoir is empty. The resultant W for the part above joint a b is known in 
magnitude and position -= 5,689.5 cubic feet masonry. The axis of moments is 
192.5 feet from point b. 

From the previous form of the profile, let us assume that on the front face we 
will add d k — 21 feet to the base a, b, and on the back face c, 1, — ^4 feet. 

Divide the trapezoid a, b, c, d, into one rectangle a, k, b, 1, and two triangles 
b, c, 1 and a, d, k. 

Taking the moments about the assumed axis 



'Weights in cubic 
I feet of masonry. 



Lever Arms, i Moments. 

I 



Resultant W j 5,689.5 1 224.1 i 1,275,388 

Rectangle 93 x 20 | 1,860 

Triangle 21 x 10 210 

Triangle 4 X 10 1 40 



239- 444,540 

292.5 61,425 



191. 2 7,648 

i 

1'otals 7,799-5 ',789,001 

~ — ~ ■"" distance of the resultant from the axis of moments -= 220.4 ft. 

7^799-5 ^ 

Distance of the point of application of the resistance from point c= 229.4 — 
[192.5— 4] — 40.9 ft. 

In the case when the reservoir is full, the pressure of water will throw the 
resultant toward the front edge. 

Calling h the depth of water above c d, the moment of the water pressure 

around point d. — — x— X —225,000, being the ratio of the weifjht of 

2 3 2.5 2.5 

water to weight of masonry. 
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Then takine moments about the resultant found in the first case, — — -=- 

28.9, which is the distance between the points of application of the two resultants. 

Applying now formula (i) it will be found that the pressures at d and c are 
loi. 6 and 126.7 cubic feet of masonry, respectively, inside of the assumed limits 
of pressure. If greater accuracy is needed a new trial may be had with slightly 
lower values for d, k and 1, c. 

The results thus obtained have been frequently checked by graphic methods. 

In the various computations of profiles, which will be here mentioned, the 
vertical pressure of water on the back face of the dam is omitted ; its omission has 
only a slight influence on the results, which it affects on the side of safety, and 
simplifies the calculations. 

It may be noticed that in the course of these remarks, the height of Quaker 
Bridge Dam has always been computed, from the bed rock, many feet below the 
river bed, to the top of the structure. It i^ obvious that the position of its lower 
part in a deep bed of gravel, and the counter-pressure due to the earth and to the 
water on the front face, modify to a certain extent the conditions of stability and 
the intensity of the strains, but no additional strength is given to the dam by the 
fact of its being imbedded in a great depth of earth, and with due regard to the 
modifications which may be introduced on account of the presence of a counter- 
pressure, the dam must be treated as one structure of a uniform character 
throughout its whole extent. 

At the beginning of this research, a trial profile attempted under conditions 
of assumed pressures within the limits used by the best authorities, showed con- 
clusively that the height of Quaker Bridge Dam would compel us to depart 
from the practice of others, as, in order to remain within the prescribed limits, it 
would be necessary to spread the lower parts in an impracticable manner and to 
incline the slopes to an extent incompatible with strength. Fig. i. Sheet No. 5, 
illustrates this fact. 

The same result would follow the use of the Rankine method and of the types 
advocated by Messrs. Krantz, Crugnola and others (see sheet No. 3). 

It was then thought that it might be advisable to change the quality of the 
masonry at the points a, b. Fig. 2, Sheet No. 5, where the application of the 
pressures recommended became impracticable, and to adopt beyond these points 
a cut stone masonry capable of supporting greater strains. Further consideration 
of the case, however, developed the fact that this modification would be very 
costly owing to the size of the dam ; it is also preferable not to destroy, if possible, 
the homogeneity of the mass of masonr)\ 

The only alternative left was to assume higher limits of pressure. Is it safe 
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to do so ? In answer to that question, we may refer again to the opinion of 
Messrs. Bouvier & Pochet (see page 6), who admit that bolder practice can be re- 
sorted to within safety. It must be said also that, in fixing their low limits of 
pressure, the French engineers have kept in view the fact that the dams may be 
put under full pressure when their comparatively slow setting mortars have not 
gained their full strength, while in our case the cements used, with the possible 
exception of the uppermost part of the dam, will have time to harden satisfactorily 
before the whole force of the water pressure is brought to act on the masonry. 
Moreover, it is well known that there are in existence many structures, the founda- 
tions of which have to support weights superior to any that may be sustained by 
the lower parts of Quaker Bridge Dam. 

A computation made of the maximum pressure at the outer toe of some 
existing dams shows that they attain in several cases from eleven to fourteen tons 
per square foot. 

It is well known that the ultimate crushing strength of the materials to be 
used in Quaker Bridge Dam is much above the pressure which will obtain in that 
structure, and it must not be forgotten that the limits of strength deduced from 
experiments are obtained with samples of a small bulk, presenting much less 
resistance to crushing than large masses of masonry laterally supported. 

Adding to these considerations the fact already mentioned, that the pressure 
on the faces of the dam are undoubtedly below the figures calculated by the 
general method followed by us, it may be asserted that the pressures calculated for 
the lower part of the proposed structure can be safely adopted. 

The question may then be fairly asked whether these high limits of pressure, 
inasmuch as they are considered safe, should not be adopted for the upper part of 
the profile of the dam, as well as for the lower part. They could, in our opinion, 
be adopted, but an insignificant saving only would thus be effected and some 
objectionable features would be produced. The upper part of the dam, which has 
to resist the additional strains due to the shock of waves and ice and to the action 
of frost, possibly at a time when the mortar is not fully set ; and which has to 
carry a roadway, must be designed much wider than it would be if it was subjected 
only to the combined pressure of masonry and of quiescent water ; such being 
the case, the thicknesses of masonry corresponding to the higher pressure assumed 
for the base, could not be adopted near the top without distorting the profile ; 
if adopted lower down, tHeir effect would be to cause the lower outer slope of the 
profile to make with the horizontal a sharper angle. Considerable importance is 
attached to this point ; the downward regular transmission of strains due to 
superincumbent weight in a pyramidal mass of masonry can be relied on within 
certain limits only, and it is obvious that it would not take place if the slopes were 
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too much inclined on the horizon ; the safe limit of acceptable slope is uncertain 
and depends on the character of the materials and of the workmanship which enter 
into the structure. 

It may be added also that it is better, where practicable ^ to follow the practice 
which has been proved by experience to be successful in dams already built, and 
to depart from it in the parts only to which it is not applicable, and in which 
further safety is obtained by the greater extent of the bulk of masonry (with its 
consequent additional resistance to crushing due to increased lateral support, and 
its additional strength due to the increased surfaces of cement joints). 

The lowest layers of the masonry, at the time that the dam will be put under 
pressure, will also have the advantage of the harder set of the mortar due to the 
time necessary for the building operations. 

The acceptance of this basis of operation disposes of one of the essential 
conditions previously mentioned for the proper determination of the profile, L e., 
that the point of application of the resultants on the base of the dam must be 
within the centre third of the said base, as, owing to the spreading of the latter to 
correspond to the assumed limiting pressures, this condition obtains in all cases. 
Let it be added now that the third condition, /. e., the resistance to sliding, need 
not require any subsequent attention ; in all cases the horizontal water pressure 
tending to make the dam slide on its joints is much inferior to the weight of the 
masonry, and, when taking into consideration the adhesive power of the cement 
mortar and the roughness of the surfaces in contact, it becomes evident that no 
sliding motion can take place. 

The weight of the masonry is an important factor in the establishment of a 
profile, and it can be seen that the weights [actual or assumed] entering into the 
calculations of the various authorities vary considerably. 

Several weights of the cubic feet of masonry have been used in this research ; 
156.25 lbs. has been used for the proposed profile of Quaker Bridge Dam, having 
been determined, as mentioned before, by actual experiment. 

The change of weight, however, has much less influence on the profile than 
might be supposed, as is seen from an inspection of Fig. 3, Sheet No. 5, in which 
the comparative profiles have been designed under the following conditions : 



Weight of one cubic foot of Masonry. I Limit of Pressure per square centimetre. 



Profile a. 125 lbs. 

" b. i 145.8 " 

** c. I 156.25 " 



8 and 10 kilos. 
7.6 " 9.8 ** 
8 " 10 " 
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The weight of the masonry being for the present an uncertain factor, it was 
useful to see to what extent the condition of stability would be changed, in case a 
dam, calculated for a given weight of masonry, were afterwards constructed with 
materials of a greater or lesser weight. A profile was consequently designed 
using 156.25 lbs., as the assumed weight of the cubic foot of masonry, and a sub- 
sequent computation of the pressures made on the supposition that the actual 
weight of the masonry was 125 lbs. 

The same operation was repeated, 125 lbs. being the calculated weight, and 
156.25 lbs. the actual weight. 

In the first case the pressures were found as follows for the front face : 



Depths from top. 



Calculated Pressures. 
Pounds per square foot. 



30 feet. 

50 

70 

90 

no 

•171 
288 



11,981 
13,260 
14,882 

15,678 
16,146 
16,224 

15,850 
16,146 

38,376 



Actual Pressures. 
Pounds per square foot . 



10,750 
13,000 

15,750 
16,625 
16,500 
16,125 

15,675 
15,994 
35,400 



In the second case, the pressures were found as follows, also for the front 



face : 



Depths 1 


From top. 


Calculated Pressures. 
Pounds per square foot. 


Actual Pressures. 
Pounds per square foot. 


30 


feet. 


8,888 


9,984 


50 




10,625 


1 0,000 


70 




11,338 


11,177 


90 




12,250 


12,383 


no 




13,875 


13,803 


130 




15,827 


15,912 


150 




16,250 


16,068 


171 




16,500 


16,378 


288 




33,460 


35,724 



These results, obtained with weights so far apart, show that a small error in 
the expected weight of the masonry forming the dam would not seriously affect 
the reliability of the profile. 
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While on the subject of the weight of the masonry, it is proper to consider 
whether the fact that a portion of the dam, from the river bed to the bed rock 
below, is to be submerged in water, is to aflfect the weight of the structure. 

It would obviously be so, to a certain extent, if the masonry were porous 
enough to admit water under ordinary hydrostatic conditions, but the dam, at the 
lower part, is to be so thick and the masonry is to be of such quality that it can 
be reasonably supposed that the water penetrating it will be mostly, if not wholly, 
in a capillary condition, and that the whole dam may be considered, for purpose of 
calculation, as an impervious monolithic mass rigidly and imperviously connected 
with the rock bottom, and, consequently, not losing weight by the fact of its being 
in water. It must be added, however, that even if admitting, as it has been by 
others, that the water would exert an upward pressure on the dam, thus diminish- 
ing its actual weight on the bottom, the result would not be such as to disturb, to 
any objectionable extent, the conditions of stability otherwise established. 

This subject leads naturally to the consideration of the advisability of building 
drajns in the mass of the dam, as recommended by others, in order to relieve it 
from the pressure of water penetrating the masonry. In accordance with the 
preceding remarks, and with some authorities, the presence is not thought neces- 
sary, and it is obvious that, unless their construction is superintended with the 
greatest care, they may become injurious by introducing water into the masonr)'^ 
under conditions which would then become unfavorable. At any rate, we know 
by the experience of existing dams that they have been built and work successfully 
without drains, and we fail to find any sufficient reason to discard that practice. 

In the preceding remarks, the conditions of stability referred to have been 
considered in connection with the base of the dam or with its horizontal joints 
only, but the tendency of the parts of the dam to rotate about the foot of diagonal 
joints assumed at various angles, through the mass of masonry, has also been 
examined, and, in all cases, the moment of the masonry around the lower point of 
the given diagonal joint has been found more than double of the moment of water 
pressure around the same point. 

The conclusions herein formulated in regard to the pressures that it is thought 
advisable to allow on the base of the profile, and in regard to the slope of the 
front. face, indicate obviously that, in order to determine the profile of the lower 
part of Quaker Bridge Dam, the approximate length of the base and the maximum 
pressures at the toes, must be arbitrarily fixed within the limits which have been 
shown here to be safe. 

The result of successive approximations demonstrates that by adopting for 
maximum calculated pressure at the end of the base fifteen tons per square foot 
(a value which, in view of the opinions previously expressed in regard to the distri- 
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bution of pressures on the base, is considered safe), the length of the base of the 
theoretical profile will be about 230 feet, a length which allows of a front slope 
likely favorable to the transmission of the strains acting upon the structure from 
its various points to its base. 

In consequence of these views and of the considerations already developed in 
regard to the limiting pressures adopted for the upper part of the profile, and in 
view of the comparatively large proportions of the extreme top, it follows that 
the calculated pressures at the ends of the successive horizontal joints will show 
progressive values from the top to the base. 

The few sloping lines forming the outline of the profile, which were adopted 
to facilitate construction, follow closely the many sided polygonal figure which 
would be indicated by the successive calculations of a number of horizontal slices 
of the section. 

In the course of these studies Mr. Ed. Wegmann, Jr., Special Assistant Engi- 
neer, who was intrusted with the mathematical computations connected with the 
subject, devised a simple and exact analytical method for determining directly the 
profile of a masonry dam. 

The method is based primarily on the fundamental formula* for distribution 
of pressure already mentioned [p. 25], and on the limiting conditions, viz. : that 
the resultant when the reservoir is full or empty, shall lie within the centre third 
of the base of the profile ; and that at no point of the faces shall the elementary 
pressures exceed certain fixed limits. 

For the purpose of calculation, the section of the dam is supposed to be 
divided into horizontal slices of a given height, to which the method is applied in 
succession. 

The vertical component of the water pressure on the slopes of the up-stream 
face is neglected. 

Reference to the units of weight, etc., employed in the calculations for the 
Quaker Bridge Dam will be made hereafter. 

The symbols employed are as follows : 

W = Weight of masonry above the layer under consideration. 

W — W plus weight of layer under consideration. 

m — Length of upper joint, already determined. 

/ — ** i* lower ** to be 

2h = Depth of layer. 

d = Distance of point of application of W from back end of joint m. [Reser- 
voir empty.] 

u — = Distance of point of application of W from front end of joint /. [Reser- 
voir full.] 
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u' — Distance of point of application of W from back end of joint /. [Reser- 
voir empty.] 

p =— Elementary pressure at front end of joint /. [Reservoir full.] 

p'=— Elementary pressure at back end of joint /. [Reservoir empty.] 

M — Moment of water pressure about the horizontal plane through joint /. 

a — Vertical distance of flow line below top of profile. 

5 — Ratio of unit weight of masonry to unit weight of water. 

The method as applied to a general profile consists of two initial equations. 

First initial equation (a). — The first initial equation [a] applies to that portion 
of the profile in which the back face is vertical and covers the case in Avhich 
the limiting pressure obtains on the front face. It gives the length / of the joint. 

^ . r n n^ 2W'/ 6dW'+2hm'+6M 
Equation [a. / + =— . 

P P 

If the resultant [reservoir full] falls at the extremity of the middle third of 
the joint, equation [a] becomes equation [b]. 

Equation [b.] /' + / [^ + m] _ lA W + m' +1^. 

Equation [b] again transformed, becomes equation [c,], which gives the depth 
at which the front face ceases to be vertical [assuming a certain top width for the 
profile] ; /. ^., the section being a rectangle of given base, it gives the depth at 
which the resultant [Reservoir full] will intersect the extremity of the centre third 
of the joint. 

Equation [c,.J h — — ^ . 

Equation [c,] assumes that the top of the profile is above the level of the flow- 
line ; if, on the contrary, the top of the profile coincides with the flow-line. Equation 
[c,] becomes Equation [c"]. 

s r 

Equation [c^] h' = - — 

Second initial equation {d). — The second initial equation [d] applies to that 
portion of the profile in which both faces have a batter, and covers the case in 
w^hich the limiting pressure exists on both faces of the profile. 

Equation [d.] /^ [p + p' - 2 h] — 2/[W + h m] = 6 M. 

If the resultant, when the reservoir is empty, falls at the extremity of the 
middle third of the joint, then equation [d] becomes equation [e]. 



Equation [e.] /'-— ' 
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If both resultants [Reservoir full and empty] fall at the extremities of the 
middle third of the joint, then equation [e] becomes equation [fj. 

Equation [f.] /' + / [^ + m] — ^ M^ 

It is obvious that since equations [d], [e] and [f] apply to that portion of the 
profile in which both faces have a batter, the length of the joint [/] derived from 
them does not fix the batters of the layer in hand. This renders necessary the 
supplementary equations [g] by which the offset (x) on the back face is deternriined. 

Equation [g.] ;i; [3 W + 2 h m + h /] — W [2 /-3d] + hm [ /-m]+ /'[h- -2^]. 

If the resultant [Reservoir empty] falls at the extremity of the middle third of 
the joint, equation [g] may be simplified to the form of equation [h]. 

Equation [h.] ;i; [3 W + 2 h m + h /] — W [/-3d]-hm\ 

The above equations apply to a general profile. In the Quaker Bridge Dam, 
for reasons which will be explained hereafter, very long, straight slopes have been 
adopted for the lower portion of the profile ; and the calculations for a theoretical 
profile were complicated by the fact that some 87 feet of the structure is below the 
river-bed, and consequently subjected to additional strains due to the weight of the 
overlying gravel, and by a counter-water pressure. This special case has been 
submitted to analysis and the following equations have been deduced. 

The depth of the gravel overlying the base is represented by 2 g. 

Total depth of layer— 2h. 

Ratio ?=0 

h 

Ratio of unit weight of gravel to unit weight of masonry -= /S. 

The limiting conditions being that certain pressures shall obtain on the up- 
stream and down-stream faces at bed rock, equation [k] gives the length of the 
base at bed rock. 

Equation [k.] / [[p + pJ-2 h [ i + ©V]] + 2 / [h m [0" /?-i 1"^'] — 6 m. 

Equation [1] gives the offset [at] on the back face. 

Equation [1.] ;r [h / [ i + 2 0' /?-3 ©^ /?] + h m [2-2 9^/3] + 3 W] = 

hr[i~©V+«'/?]-hm'[i-©*/?J+h/m[ 1-2 ©•/?+©'/?] - 

3 W d + 2 W / P'^' . 
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With the exception of formula [c,], a simple equation of the third degree, it may 
be noticed that all the others are of the second degree only. In regard to the last 
two, which may appear too long for practical purposes, it can be seen that they are 
of easy solution, and that they cover the special case when the lowest calculated 
section is partly built in gravel overlaying the bed rock, with a counter pressure of 
water. 

The following table shows the application of the above formulae to the theo- 
retical profile for Quaker Bridge Dam : 



Elevations of 
Joint. 



Front Face. 



Limiting Conditions. 

Back Face. 



171. 3 
156. 
136. 
116. 

96. 
—52. 



3 
/ 
3 
_/ 

3 
/ 
3 



u = /. 



u = i. 



u = i. 



p =8.2 tons.. . 
per sq. ft. 

p == 15 tons.. . 
per sq. ft. 



I Equations 

Employed. 



3 

/ 



[b] 

[b] 
[f]&[h] 
[e]&[h] 



Values Found. 



For/. 



p=i5 tons... [k] &[/] 

per sq. ft. I 



/ = 20 
(2 h — 34.7) 

26.2 



37.4 
53.4 
71.2 

231.8 



Forx. 



2.3 



2.0 



25.4 



It is by this method that the theoretical profile of Quaker Bridge Dam, 
shown (Fig. 4) Sheet No. 5, has been computed ; the results have been afterwards 
confirmed by means of graphic and other methods. The elements of the calcu- 
lation are as follows : 

The limit of pressure assumed at the down-stream face of the profile is, for 
a depth of water of no feet (elevation +96) and less, 8.2 tons of 2,000 lbs. per 
square foot. 

At the back or up-stream face, the condition that the resultant should fall on 
the end of the centre third of the base led to a pressure, at the end of the hori- 
zontal joint, at elevation +96, of 8.7 tons per square foot. 

From no feet depth (elevation +96) to the base of the dam (elevation — 52) 
the assumed pressures increase steadily until they attain the maximum value of 
15 tons (30,000 lbs.) already mentioned. 
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For the sake of simplification, the vertical weight of the water on the inclined 
portion of the up-stream face is neglected, this slight error being on the side of 
safety. 

The vertical weight of the saturated gravel resting upon the slopes of the 
dam below the river bed is taken into account. 

The gravel on the down-stream side of the dam being saturated with water, 
the resulting counter-pressure of water enters into the computation. 

The weight of a cubic foot of water is taken at 62.5 lbs. 

The weight of a cubic foot of masonry, for reasons already given, is taken at 
156.25 lbs. 

The weight of a cubic foot of saturated gravel is taken at 145.875 lbs., 
equivalent to 0.94 of the weight of masonry [the dry gravel being assumed at 
125 lbs., with voids equal to one-third of the bulk filled with water]. 

The unit of weight used throughout is the weight of one cubic foot of 
masonry. It has been already stated that this choice of unit simplifies the calcu- 
lations greatly. 

The effect of wind pressure on the dam has been neglected. If it blows down 
the valley when the Reservoir is empty, its tendency is to increase the stability ; if 
it blows in the other direction the result is the same with a full reservoir, and with 
an empty or partially empty basin the margin of safety is more than sufficient to 
counteract the comparatively insignificant effect of the wind pressure. 

The result of the calculation is shown on Fig. 4 (Sheet No. 5), which gives 
the theoretical profile of the dam, and on Table II., which explains itself: 

The theoretical profile of the dam being determined, certain modifications 
were advisable to meet some practical requirements of adaptability and of con- 
struction. 

The width of the top had to be adapted to the requirements of a roadway. 
A slight addition to the thickness of masonry down to Elevation 170 (/. e,, the 
part covered by the fluctuations of the water surface in the Reservoir) presents 
the double advantage of increasing the strength of the structure at a point where 
it may have to sustain shocks from the action of the waves and ice, and of adding 
to the symmetry of the profile. 

It is also advisable for the purpose of facilitating construction to so regulate 
the various inclinations of the faces as to give them a simple ratio easy to follow 
during the building operations. 

Last, as no dependence can be placed on the strength of the sharp triangle 
of masonry forming the extreme toe of the down-stream face, it is advisable to 
dispense with it, and to round it off in the form of steps, as shown on Sheet No. 6. 
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This disposition presents the additional advantage of lessening the width of the 
expensive excavation to be made in the bed of the river. 

These modifications having caused some changes in the distribution of the 
materials, obviously rendered necessary a new computation of the distribution of 
pressures throughout the mass of masonry. 

To this end the proposed profile was divided into horizontal sections or slices 
1 1 feet high. The centres of gravity were found by the usual system of moments 
for each joint ; the overturning moments, etc., were ascertained, and the pressures 
computed as before in accordance with the formula (i), p. 25, the various units and 
elements of calculation being the same as those used for the computation of the 
theoretical profile. 

Table III. gives a synopsis of the results obtained, and shows that : 

The total width of the base is 216 feet. 

The maximum pressure at toe of up-stream face is 15.4 tons per square foot 
[13.8 tons of 2240 lbs.]. 

The maximum pressure at toe of down-stream face is 16.6 tons per square 
foot [14.8 tons of 2240 lbs.]. 

Average pressure on base, per square foot, 10.49 tons. 

In accordance with the views already discussed in this report, these results 
are acceptable, and the profile, shown on Sheet No. 6, is recommended for the 
acceptance of the Aqueduct Commissioners. 

Before closing these remarks on the profile of high masonry dams it is proper 
that we should refer to several modern structures which, owing to their magnitude 
and to the known skill of the engineers who designed them, were duly considered 
by us, namely : the Gilleppe Dam in Belgium and the Vyrnwy Dam near Liver- 
pool, England (See Sheets Nos. i and 2). 

The evidently excessive section of the Gilleppe Dam was due, as its designer 
admits, to local reasons of expediency independent from technical considerations. 

The Vyrnwy Dam is intended to be used as a weir, and its shape is such as to 
lead the water properly in its fall and to support a heavy apron on the down- 
stream side. 

The special conditions under which these dams were designed do not obtain 
in the case of Quaker Bridge Dam, and there was no valid reason to follow their 
peculiar profile. 

A dam has been recently begun near San Mateo, for the Spring Valley Water 
Company of San Francisco (California), which will be almost as high as the Furens 
Dam, its height being 170 feet (See Sheets Nos. i and 2). It is to be 20 feet 
wide at top with straight batters. It is to be built of concrete blocks formed in 
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place with a mortar of Portland cement. The description of this structure, now 
at hand, does not mention whether the engineer has more confidence in concrete 
than in stone masonry, or whether his choice was determined by economical or 
other reasons foreign to the constructive value of these materials.* 

After determining the profile of Quaker Bridge Dam, the next question in 
importance is to decide on the plan of the dam, whether it should be straight or 
curved. 

Referring to the list of dams now in operation, it will be seen that both plans 
have been followed with successful results. If we consult the various authorities 
on the subject, we find the almost unanimous opinion that if a cur\^e be adopted 
for the plan of a dam, it is advisable, notwithstanding, to so proportion the profile 
of the section as to make it able to stand, by its own gravity, the pressure of the 
water ; the curved form, in other words, is considered as a sort of additional co- 
efficient of safety. 

We fail, however, to see how a mass of masonry, proportioned to stand water 
pressure by its own gravity, can at the same time act as an arch ; if the profile is 
sufficient, the mass will not yield under pressure, and if it does not yield, no pres- 
sure can be transmitted to the sides through the curve ; the two conditions are 
incompatible. 

If, on the contrary, the section of masonry is not sufficient to support the 
water pressure, then the mass will yield to a certain extent under the strain, and 
some pressure will be transmitted to the abutments of the curve, in the upper po?^- 
tion of the structure ; we say, in the upper portion because it is evident that, if 
there is, through the adhesive power of the mortar, rigid connection between the 
dam and the foundation rock, the adjacent parts of the masonry cannot, at the 
same time, act as an arch. 

Among the curved dams recorded herein we find that all, with one exception, 
have sections sufficient to resist the water pressures brought to bear upon them, 
and that they do not act as arches. The exception is the Zola Dam [in France] 
see Sheets Nos. i and 2 and Table I. 

The thickness of the masonry is so small that the resultant falls outside of the 
front toe and that (unless the excellence of its mortar, and, generally, of its 
masonry be exceptionally great)., its stability is due to the fact that it is built in the 
form of an arch, the water pressure being transmitted to the abutments. More- 
over, the form of its section shows that the intention of its designer was that it 
should act so. 

As, however, the rigid connection of the dam with the rock of the foundation 



* See N. V. Daily Tnbune. October 2d, 1887. 
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precludes, at that point, the idea of an elastic motion in the masonry and of a 
consequent lateral transmission of the strains to the abutments, it is impossible to 
state at what height above the foundation the dam begins to act as an arch. 

Owing to the small width of the valley (a few feet at the bottom and about 
200 feet at the top) the strains thus produced are evidently such as can be sustained 
by the masonry, but it is probable that the failure of one part of this dam would 
cause its total ruin, while, with a self-supporting section, a dam may fail at one 
point, leaving the balance whole. Such was the case at the dam of Gran Cheurfas 
(Algeria). 

If we leave this special instance to return to general cases, we must call atten- 
tion to the important fact that the admissibility of the arch for 771 in the plan of a 
dam must depend primarily on the intensity of the lateral or horizontal strains that 
would be transmitted through the structure. 

In the case of curved dams thrown across na7'row valley Sy it may be found 
that the lateral strains (admitting that any should be developed), would be such as 
the masonry could safely support, and if it is expected that the upper part of the 
structure might be put under pressure when the mortar, not being wholly hard- 
ened, is in a comparatively yielding state, we conceive that a certain amount of 
motion of the masonry, however small, may be expected, causing the portion 
affected to act as an arch with the tendency of closing the joints under pressure. 

This advantage can hardly be claimed, however, for structures which are not 
made of voussoirs, but composed of an irregular mass of stones and mortar, which 
cannot be relied on for arch work, unless the whole is sufficiently hardened to 
present an homogeneous and monolithic character. 

When, on the *contrar>% the width of the valley is such that the strains trans- 
mitted by an arch would become excessive, that form must be avoided. 

Let us look at the case in hand. 

Great care has been taken in designing the profile that no strains superior to 
fifteen tons should be produced by the combined action of the water pressure, and 
of gravity ; other strains will be developed by variations of temperature ; addi- 
tional local strains will occur, owing to unavoidable irregularity in the quality of 
the workmanship. Would it be prudent to complicate matters by knowingly 
submitting the masonry to additional horizontal strains which would be very high, 
attaining a maximum of over forty tons per square foot ; as far as we can calculate 
such values, for *' in the present state of science, the calculations of stability, 
treating the dam as a horizontal arch, are so uncertain as to be of doubtful 
utility." The best information we have in regard to the stability of stone arches 
comes from experimental data, and we have none bearing on arches of such a great 
span. 
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In accordance with these views it is concluded: 

That a dam of such a length as Quaker Bridge Dam, if acting as an arch, 
would be subjected to excessive strains. 

That, with the profile recommended, it can successfully resist in all its parts, 
the pressures applied to it, without any additional support. 

That, if built on a curve, it would not act as an arch, and would be more 
expensive. 

That it is advisable that the dam should be built in a straight line. 

Let us consider, now, other features of importance, second only to the profile 
and plan of the dam, i. c, the height of the crest of the dam above the water line 
and the capacity of the weir over which the surplus water is to flow. 

Existing dams furnish good data in regard to the height to be given to the 
structure, and in accordance with precedents and with the recommendations of 
reliable authorities, the top of the parapet has been placed at an elevation of 13 
feet above the ordinary water mark, equivalent to 7 feet above the extreme high 
water mark, the surface of the roadway being 3 feet below the top of the parapet. 
This height is amply sufficient to cope successfully with the highest waves which 
may be expected from the unusual depth and considerable extent of the reser\'oir. 

As to the capacity of the overflow, it is necessary to depart from precedents 
on account of the extent of the water-shed and the comparatively heavy rainfalls 
that occasionally occur in the Croton Basin. 

Judging from the possibilities of rain or thaw in this and neighboring water- 
sheds, the flowing capacity of the overflow should not be less than equivalent 
to the flow, in twenty-four hours, of a volume of water represented by a uniform 
thickness of six inches over the whole water-shed. 

It is true that no such flow is on record, and the actual flow may never, it is 
hoped, come to that figure ; but a combination of adverse circumstances, such as 
an exceptionally heavy rainfall, occurring at a time when the reservoir is already 
full, and when the ground is covered with snow, can bring about such a condition 
of things, and it is wise to be prepared for it. It can be so much more readily 
done, that an increase in the length of the overflow can be obtained at a compara- 
tively small cost. 

The writer, having had occasion to design the overflow of several dams on 
an equivalent basis, may be allowed to state that, on the occurrence of a freshet 
which produced a flow somewhat less than one-half of the quantity just mentioned. 
he could not but feel, in accordance with the sentiment of the people living lower 
down in the valley, that the channels of discharge were none too large. 

The length of overflow corresponding to these conditions is about 1,300 feet 
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It may be mentioned here, that the gate house proposed to be built in con- 
nection with the dam, is to contain, besides the gates leading to the two aqueducts, 
some ample channels, for the emptying of the reservoirs. These discharging 
channels, although placed a distance above the river bottom, are so arranged as to 
allow of the drawing of the bottom water, when necessary to do so. 

In regard to the kind of masonry to be used, the majority of existing struc- 
tures appear to be built of rubble ; they generally give satisfaction, and there is 
no reason to depart from that practice. Concrete cannot be depended upon as 
being impervious enough to prevent percolation of water under great pressures, 
and cut stone masonry, in connection with the great bulk of the dam, is obviously 
excluded on account of its cost. To all probabilities, stone suitable for the work 
can be found in abundance in the neighborhood, gneiss or granite being pre- 
dominant ; but in any case, the stone used must be one that will not disintegrate 
under the influence of time or of the weather. A proper selection of stone is of 
such moment, and the distance from the work to the quarry or quarries is so important 
an element of cost (considering especially the quantities to be transported) that 
the territory in the vicinity of the dam should be examined by excavations, and, 
if necessary, by boring, in order to determine, before letting the work,, the locali- 
ties from which the stone is likely to come. Such an expenditure would be 
judicious, and would remove, to a great extent, the uncertainty under which the 
contractors would labor in making their bids, and the necessity under which they 
would find themselves to provide in their bids a large margin to meet possible 
contingencies of excessive cost in transportation. 

The whole masonry of the dam, from bed rock to the top, should be homo- 
geneous with the exception of the parts which, from requirements of ornamenta- 
tion and maintenance, may be made of finer masonry. 

Mr. Krantz says that '* the joints should be irregular on the faces and in all 
the sections ; the courses should be thoroughly interlocked, or better still there 
should be no courses, and by means of good work this result. must be obtained, 
so that the whole body of the wall shall be a real monolith." 

Mr. E. S. Chesbrough, in a report on the subject to the Department of Public 
Works, states that : 

** The superstructure should be composed throughout of uncoursed, broken 
range rubble masonry, built of quarry stone of irregular sizes, laid with full beds 
and joints. The use of cut stone should be confined to such appropriate orna- 
ment as may be desired, none being used in the body of the work, not only on 
account of expense, but also to avoid the introduction of two different classes of 
masonry. 

'* While, as above stated, coursing should be avoided, it would be proper to 
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keep the work roughly levelled up over its entire length, say every five feet in 
height, so as to secure an even settlement as the structure goes up." 

To these remarks, which appear to resume the practice generally followed, it 
may be added that, for the purpose of keeping the faces in good order, and to 
preserve them from the action of the weather, it is advisable to make the joint 
closer on the faces or even to use range rubble with a close joint near the surface 
only, thus lessening the future work of keeping the outer joints well pointed, 
without disturbing the uniform settlement of the whole mass. In some of the old 
Spanish dams the faces are even lined with cut stones which are not reported to 
have caused any trouble. 

As it is of vital importance that all spaces between the stones be filled com- 
pletely with mortar, they must be of such size as can be easily handled, enabling 
the masons to secure, beyond doubt, a good bedding, and each stone, with the 
exception of the smaller ones used for filling up and leveling up cavities, should 
be so selected or shaped as to present a good bed which will form a solid joint 
with the level surface prepared to receive it ; all projections presenting too irregu- 
lar outlines should also be hammered off. These conditions do not admit of large 
sizes for the stones used, but their limits of size cannot be absolutely determined 
in advance, and they may vary with the quality of the stone used. 

Large stones, as generally prepared for rubble work, cannot be properly 
bedded, and better and more expeditious work will be secured by the use 
of smaller ones. With few exceptions, the largest stones should not exceed 
two tons and the largest proportion should be much smaller. The face on the 
water side should be made as water-tight as possible, either by a careful pointing 
of Portland cement or by the introduction of a special impervious facing. 

Especial care will be necessary in designing the masonry of the Gate House, 
which must not present large masses of masonry different in character from that 
used in the body of the dam, without forgetting that most of its parts will sup- 
port heavier pressures. 

The Gate House, however, is at a point on the side of the valley where the 
risks of unequal settlement are very much diminished by the reduced height of 
the structure. 

The same precaution must be used on the other side, where an opening must 
be provided for the flow of the river during construction. 

No special mention of the cut stone masonry to be used for the cornice and 
parapet work, for the gate house, for the overflow, &c., is necessary here. 

This report would not be complete without a few words in connection with 
the part of the work which will precede the building of the masonry. 

Existing dams furnish no precedents of. the deep excavation necessary 
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here to reach the bed rock, and we find but few references to the manner of pre- 
paring the latter to receive the masonr}^ 

How to make successfully that deep excavation and to take care of the river 
during the excavating operations, and during the first part of the construction, is 
the problem presented. 

One plan originally suggested consisted in building across the valley, in 
heavily timbered trenches, and, from the rock bottom to the river bed, two walls 
of considerable thickness, forming the up-stream and down-stream faces of the 
dam respectively ; under the protection of those walls, the earth could be removed 
between them and the wall completed. 

Against that plan several important objections are found : 

In view of the depth of the excavation, which is, at the lowest point of the 
valley, more than eighty feet deep, and in view of the inclination of the outer 
faces of the dam, these walls should be very thick, and the trenches containing 
them correspondingly wide. The excavation of such wide trenches, and their pro- 
tection by timber, would be very costly, and would especially take a very long 
time. 

The pressures at the bottom of the trench would be such as to require 
very heavy timbers placed very close together, thus forming an obstacle to the 
proper inspection, and to the expeditious and satisfactory laying of the masonry 
between them* Moreover, the rock bottom, under those difficulties, could not be 
properly examined and prepared. It is obvious, also, that the dam would then be 
erected in its lower part in three parallel and disconnected vertical slices, instead 
of progressing regularly upward as it should be to secure the gradual settlement 
of the mass. 

Notwithstanding the great depth of the excavation, and the evident difficulties 
accompanying such an operation, the most advisable manner to proceed is to open 
it without side protection, and to maintain it by means of long slopes on each 
side. The free access thus procured to every part of the work will allow of the 
use of powerful mechanical means for removing the earth, and the cost of the 
excess of excavation, due to the formation of slopes, will be more than compen- 
sated by the rapidity and simplicity of the operations, which will obviously lower 
the cost of the cubic yard excavated, and shorten very much the time necessary to 
complete the work. 

Another advantage of as great value will result from the unobstructed con- 
dition of the bottom of the trench which w^ill permit a perfect inspection and prepa- 
ration of the bed rock and a thorough treatment of the seams and fissures which 
will, most probably, be found. The foot of the slopes, if necessary, can be locally 
removed, for a considerable distance, to uncover and fill up important seams, which 
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it would be found advisable to follow outside of the actual base of the dam. The 
numerous borings made in the valley show that the materials would be, on the 
whole, favorable for such an excavation, provided the trench is well drained. 

In order to drain thoroughly the trench, it would be well (in addition to the 
means provided to take care of the river water) to sink in the bed of the river, a 
short distance from the upper edge of the excavation, several wells provided with 
pumping appliances, for the purpose of keeping the slopes dry. 

It is well understood that the unusual depth of the proposed trench, and the 
constant presence above it of a body of water which, at times, may be very large, 
constitute difficulties of no mean magnitude, and that great care and foresight will 
be necessary to achieve success ; but this mode of treating the question appears to 
be the most rational under the circumstances. 

Closely connected with this subject is that of the conveyance of the river water 
over the work while the excavating and building operations take place below the 
level of the river bed. 

It is proposed to build two temporary wooden dams of little height, one above 
and one below the location of the dam, and to connect them by a water-tight 
timber flume, the distance of these dams from the edge of the trench to be deter- 
mined later from a close examination of the grounds, to be not less in each case 
than, say, 200 feet. 

The dams should be of such height as to correspond to the highest water 
mark of the flume. 

What should be the flowing capacity of the flume ? 

The records show an instance where the maximum flow of Croton River was 
about 8,000 million gallons in 24 hours. 

The construction and maintenance of a wooden flume (not less than 200 feet 
wide), as formerly proposed, capable of safely containing such a stream, would be 
very expensive. It would require (supposing it to be practicable) great vigilance 
to keep it water-tight, owing to the constantly increasing depth of the excavations 
and to the consequently frequent change of supports. It would be, at best, a con- 
stant obstruction to the rest of the work, and should not be attempted. 

In building operations of this character it is unavoidable that the builder 
should take some risks ; but they must be reduced to a minimum within the limits 
of a reasonable outlay, and the writer thinks that the following manner of con- 
trolling the water, which is much less expensive, would aff^ord more chance of 
protection from the water, although, in some contingencies, it may involve the 
temporary flooding of the work. 

Instead of maintaining the protecting flume over the work it is proposed to 
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place it at one side, wholly or partially on a shelf of rock prepared, where neces- 
sary, for the purpose. The borings show that the north side would admit of such 
a treatment. 

As to its flowing capacity, it would be sufficient to make it equal to the 
volume of the average spring freshet of the Croton River, corresponding to a 
width of about 60 feet ; but the flume must be so designed that if the river rises 
beyond its capacity, ample channels, prepared for that purpose on the rocky 
hillside, must be opened to safely fill up the trench, and allow the freshet to pass 
over the work without causing more than repairable damage. 

Time and money would then be required to restore the excavation to working 
order, but this risk is preferable to the constant maintenance of the larger channel 
during several years. 

As the work of masonry comes up above the level of the river bed, an arched 
opening can be left for the passage of the flume, to be filled afterwards when the 
dam is nearly completed. 

After the earth is removed from the proposed foundation on the bottom and 
sides, all loose or doubtful ledge must be removed until sound rock is found, or 
until such depth is reached as will be judged sufficient for securing a water-tight 
connection between the dam and the rock. For the purpose of insuring imper- 
viousness, and of increasing the resistance of the structure to sliding, the surface 
of the rock must present numerous projections which need not be regular. In 
case the rock comes out with smooth surfaces, it would be well to excavate one or 
more wide longitudinal trenches. It is obvious that any seams that may be 
encountered must be carefully followed and obliterated by such means as may be 
suggested by local conditions. If seams and fissures extend to such distance as 
may require a more thorough treatment, it may be necessary, at places, if not on 
the whole extent of the work, to penetrate the rock deeply on the bottom and 
sides with a central trench to be filled afterwards with masonry. 

It need not be said that the cements to be used in the construction must be 
well selected. It would be well, in order to secure perfect work at the connection 
of the structure with the rock, to use imported Portland cement at all places 
wherever such connection is to take place, and in their vicinity, the mortar being 
in the proportion of one of cement to two of sand. 

The same mortar would also be preferable for the work to be done in the last 
season on the upper part of the dam and elsewhere, on account of the well-known 
property of the Portland cement to acquire hardness in shorter time than the 
domestic brands, thus securing greater power of resistance for the masonry, if 
it happens to be subjected to full pressures immediately after the dam is put 
into service. 
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Portland cement mortar should also be used for the pointing of the outer 
joints. 

For the bulk of the dam, a mortar made of the same proportions of good 
domestic cement or a mortar of Portland cement in the proportion of three to one 
would be sufficient. 

All the statements advanced, the conclusions reached, and the recommenda- 
tions made in this report are presented on the supposition that every part of the 
work IS to be executed with care, under intelligent and able superintendence ; on 
that condition will depend the success of the undertaking. 

The extensive borings made preparatory to the designing of the plan, 
especially the two diagonal borings made parallel with the sides of the valley 
under its whole width, seem to indicate the presence of good compact rock;. the 
surface indications are also favorable, and although some difficulties are antici- 
pated in preparing the foundations, it is confidently expected that they can be 
overcome. 

Under the pressures to which the dam will be subjected, some leakage may 
be expected ; such has been the case for several of the high masonry dams now in 
existence. If the leakage takes place through the masonry, experience shows that 
it diminishes gradually, and in regard to the grounds adjoining the dam, if the 
earth which covers them is not sufficient to prevent water from percolating through 
fissures that may exist in the rock, it is reasonable to expect that those percola- 
tions can be located and stopped. 

In order to do full justice to this important subject, and to the investigation 
made of it, it would have been necessary to enter into more details in regard to 
the numerous questions which have been examined; but a complete record of 
them would have entailed many technical references hardly compatible with the 
scope and intent of this report. 

Before concluding, I desire to record my indebtedness to Mr. Edward 
Wegmann, Jr., Division Engineer, whose work in connection with the mathematical 
part of this research I have already mentioned, and to Mr. Ira A. Shaler, Assist- 
ant Engineer, for their valuable assistance. 

Respectfully submitted, 

A. FTELEV, 

Consulting Engineer. 
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REPORT 



PLAN AND LOCATION 



The Quaker Bridge Dam. 



Joseph P. Davis, 
James J. R. Croes, 
William F. Shunk, 



Board of Experts. 



New York, October ist, 1888. 

To the Honorable the Aqueduct Commissioners : 

By a resolution of the Aqueduct Commissioners, adopted March 7th last, and 
by subsequent action, the undersigned were appointed a Board of Experts to take 
into consideration the plans of the Quaker Bridge Dam, as projected by the En- 
gineers of the Commissioners, and modifications which had been or might be sug- 
gested by others, either in plan or cross-section, and to fully advise the Com- 
missioners on the subject. 

We have found that the work assigned to us required much more extended in- 
vestigations than were anticipated, but we have at length finished them, and now 
have the honor to report the conclusions at which we have arrived. 

The proposed location of the Quaker Bridge Dam is at a point on the Croton 
River, at about two miles above its mouth, where the steep sides of the valley 
approach to form a ravine. This ravine is about thirteen hundred (1,300) feet 
wide at an elevation of two hundred and thirty (230) feet above tide level, three 
hundred (300) feet wide at the level of the river bed, thirty-five (35) feet above 
tide, and has a rock bottom eighty-seven (87) feet below the stream level, or 
fifty-two (52) feet below tide level in the Hudson River. 

It is proposed to close this ravine with a masonry dam which will impound the 
waters of the stream and raise the water level to a height of two hundred (200) 
feet above mean high tide. The greatest height of the dam from foundation level 
to the top of road parapet will be, therefore, from two hundred and sixty-five (265) 
to two hundred and seventy (270) feet, depending upon the character of the sur- 
face of the rock at the deepest point. 

It will be about one hundred (100) feet higher than any dam yet built. 

It is to impound upwards of five thousand (5,000) million cubic feet of water 
in an artificial lake sixteen (16) miles long and one hundred and sixty-five (165) 
feet deep at its lower end. 

The watershed tributary to it has an area of three hundred and sixty-one (361) 
square miles and contains a number of storage basins with an aggregate capacity of 
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twelve hundred (1,200) million cubic feet, averaging about seven (7) miles distant 
from the Quaker Bridge Lake and three hundred (300) feet above its level. 

A new dam is now building which will increase this capacity to upwards of 
eighteen hundred (1,800) million cubic feet. 

The greatest recorded flood of the river, measured at Croton Dam, is ten 
hundred and seventy (1,070) million cubic feet in twenty-four (24) hours. 

Most dams of great height are built of stone, laid in hydraulic mortar. This 
is the class of work recommended by recent writers upon the subject. The three 
profiles presented to us for consideration are proportioned for masonry of this kind, 
and we understood that its use for Quaker Bridge Dam had been determined upon 
by the Aqueduct Commissioners. We have therefore limited our studies to 
dams so built. 

Our first discussions related chiefly to the forces, whether usual or exceptional, 
that might be brought to bear upon the structure. These were classed under four 
general heads : 

First. — The quiescent and ever acting forces, such as the weight of the 
masonry and the pressure produced by the impounded water. 

Second, — Forces produced by Ihe expansion of ice in place, or by floating 
masses. 

Third, — Forces produced by waves of translation, the possible cause of such 
waves being the giving way of a dam above or an extensive land slide. 

Fourth, — Earthquake shocks. 



QUIESCENT FORCES. 

It was determined that the specific gravity of the masonry should be taken at 
2.34, making the weight of a cubic foot equal to two and thirty-four hundredths 
times sixty-two and one-half (62.5) pounds, or one hundred and forty-six and 
twenty-five hundredths (146.25) pounds. 

Krantz assumes a specific gravity of two and three-tenths (2.3), or a weight of 
143.75 pounds per cubic foot for masonry built of hard stone (granite or limestone). 
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The experiments of M. Bouvier upon granite rubble led him to adopt a weight 
of one hundred and forty-seven and three-tenths (147.3) pounds per cubic foot. 

While building Boyd's Corner Dam on the Croton River, a careful account 
was kept of all the materials entering into its construction, from which account the 
specific gravities of the various classes of masonry were computed. These varied 
from 2.13 to 2.71, and the specific gravity of the whole mass was found to be two 
and thirty-four one hundredths (2.34), and we have thought it best to adopt the 
same specific gravity for the Quaker Bridge Dam. 

The aggregate length of the spill-ways will be about thirteen hundred (1,300) 
feet. A depth of about two and one-quarter (2.25) feet on the crest would pass 
the largest recorded flood in the valley, and it will be only on rare occasions that 
the water can reach the elevation of two hundred and two (202) feet above the tide. 

This elevation for the water surface, as producing what may be termed the 
maximum quiescent stresses, has been adopted in computing the pressures which 
the masonry throughout the body of the dam must resist. 

The waste-way, or channel for carrying off the surplus waters from the surface 
of the reservoir, will be constructed in rock cuts and over subsidiary dams so situ- 
ated that the overflowing water will not touch the main dam. 



ICE. 

In our search for information upon the expansive force of ice in place, caused 
by increase of temperature, we found little of value recorded ; but we obtained 
valuable, though somewhat conflicting, information by correspondence and per- 
sonal interviews, which information, supplemented by experimental data, concern- 
ing its strength, elasticity and rate of expansion under a rising thermometer, has 
led us to the opinion that the dam should be proportioned to resist a thrust at the 
highest ice line of about forty-three thousand (43,000) pounds per lineal foot. 

More positive information was available regarding the force exerted by ice 
floes. Under certain unfavorable conditions, where ice jams form in a quick run- 
ning current, it appears to be almost irresistible by direct opposition. But, as in 
the case of the Quaker Bridge Dam, the water current, when there is one, will tend 
to divert the floes away from it, and direct impact can be produced only by sheets 
of ice driven by the wind, we have concluded that, if the dam be proportioned to 
resist the pressure of forty-three thousand (43,000) pounds per lineal foot, above 
mentioned, it will be of ample strength to withstand the attack of floating masses. 
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WAVES OF TRANSLATION. 

To secure the dam from injury by waves of translation, its upper portion, 
where the effect of such waves would be greatest, has been so designed as to give 
a co-efficient of at least two (2) against overturning, when the water level may be 
at an elevation of two hundred and fourteen (214) feet above tide, or at the top of 
the parapet. 



EARTHQUAKES. 

Earthquake shocks may vary from a slight tremor to an immeasurable force. 
The dam, if proportioned to resist the forces before considered, will have ample 
stability to withstand all but shocks of the severest nature. Probably of all the 
considerable structures in the region affected by such an earthquake it would be 
the last to succumb. 



THE PROFILE OR CROSS-SECTION OF THE DAM. 

To resist these forces, or at least those of them which may be considered 
measurable, we have agreed : 

(a.) That the co-efficient against overturning should, at all points, be not less 
than two (2) ; 

(6.) That the ratio of the weight of the masonry above any horizontal plane 
or joint, to the maximum force tending to cause sliding or shearing along the 
plane, should not be less than three (3) to two (2) ; 

(c.) That the maximum quiescent stress on the down-stream end of the joints 
at the elevation of the river bed, thirty-five (35) feet above tide, should not exceed 
ten (10) tons per square foot (one hundred and thirty-nine (139) pounds per square 
inch) ; 
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{d.) That below that elevation, where the strength of the masonry to resist 
crushing is aided by the lateral pressure of the earth, the maximum quiescent stress 
should not exceed fourteen (14) tons per square foot (one hundred and ninety-four 
and a half (194.5) pounds per square inch) ; and 

(^.) That the pressures upon the joints of the up-stream face may be some- 
what greater, since they will be permanently reduced as soon as the reservoir 
begins to fill. 

We agree in judging it prudent that in so important a structure as the Quaker 
Bridge Dam, these conditions should be fulfilled, and we believe that, if fulfilled, 
the cross-section will be amply strong for the functions it will be called upon to 
perform. 

The profile designed by the Engineers of the Aqueduct Commissioners and 
submitted to us by the Commissioners, does not meet the requirements which we 
think should be met, for complete safety. We were, therefore, under our instruc- 
tions as we understood them, called upon to prepare a profile which we could 
recommend for adoption. We have prepared such a profile, and herewith present 
it under the title Profile N. 

Comparing this profile with that of the Aqueduct Engineers, which we have 
designated Profile Y, the chief point of difference is in the greater thickness of N 
in the upper portion of the dam. This increase of thickness appears necessary to 
resist the shock of ice and excessive freshets. The amount of masonry above the 
plane 100 feet below the level of the flow line of the reservoir will be about 40,000 
cubic yards greater by Profile N than by Profile Y. 

The appended diagrams show graphically for each of the Profiles Y and N, 
the pressures on the down-stream toe of the masonry, and the factors of safety at 
different elevations and under the three conditions we have assumed. 

The greater stability and uniformity in increase of pressures from top to base 
of the dam, attained by using Profile N, are evident from inspection of the 
diagrams and the following table. 

Comparative statement of down-stream toe pressures, and factors of safety 
against overturning, in the Profiles Y and N at different elevations under the 
assumed conditions. 
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Y on a straight line in plan. 

N on a curve of 1,200 feet radius. 

Pressures are given in pounds per square inch. 



192 

184 

173 
162 

151 

140 

129 

118 

107 

96 

74 

35 

— 20 

—52 



Water + 202. 



Water + 214. 



Pressures. Factors of Safety, i Pressures. Factors of Safety.' 



47.8 
704 
99.0 

97.5 
100.6 

99.4 
106. 1 
150.0 
205.6 



N 

22.20 I 

I 

28.66 
37.60 
48.40 

59-45 
71.00 ' 

81.04 

j 

89.03 I 

93.73 

98.04 
1 10. 14 
137.35 
174.41 
194- 59 



Y 


N 




89.50 





26.30 


5.38 


n.04 





6.63 


2.80 


4.81 





3.87 


2.29 


3.37 





3.18 


2.25 


•3. 1 1 


2.37 


3.10 


2.22 


3.09 


2.91 


3.12 


3.48 


3-58 


3.51 


4.12 



90.1 

144.4 

159-4 

147.9 

143.2 

130.6 

Ij 130.7 

i; 169.6 

! 227.1 



N 

25.23 

' 36.34 

, 52.94 

' 71.22 

: 88.76 
i 105.00 
117.78 
124.43 
127.41 
130.31 
139.98 
170.63 
198.56 
216.37 



1.92 

1.48 

1.46 

1.59 
1.72 
2.02 

2.39 
2.99 

3.07 



I N 

I 9.83 
6.31 
4.18 

3.17 
2.64 

2.34 
2.18 
2.18 
2.23 
2.29 
2.41 

2-57 
3.06 
3- 60 



Ice on Full Reservoir. 



Pressures. 



13056 



319.9 



181.7 



142.2 



N 
24- 35 
4358 
63.95 

79-75 
91.48 
100.82 
107.09 
107.78 
108.99 



134.0 I 109.87 

120.4 I 1(6.92 

117.9 138.72 

1569 171.79 



Factors of Safety. 



211. 7 



191-33 



1.03 
I.17 
I.3S 

1.63 

1.43 
2.18 
2 62 
3.29 
3.40 



N 
20.42 

3.91 
2.89 

2.6l 

2.50 

2.43 
2.41 
2.49 

2.6t 

2.73 

2.90 

3-09 

3.61 

4.23 



Two other profiles were also referred to us by the Aqueduct Commissioners, 
one of which, designated as X, was designed by the Engineers of the Department 
of Public Works, and the other, designated as Z, had been presented to the Com- 
missioners by Mr. A. Marichal. 

Comparing these with Profile N, it is evident from inspection of the diagrams 
and tables appended hereto, that the pressure at the down-stream toe in the lower 
portion, and the factors of safety in the upper portion, are so different from those 
which we are agreed should be adhered to, that further discussion of them seems 
needless. 

It should be said, however, of these profiles, as well as of Y, that while the 
down-stream toe pressures are greater than in any existing dam, and much greater 
than is recommended as a maximum limit by writers on the subject of high masonry 
dams, yet in our opinion they possess, if built on a straight line, sufficient strength 
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to resist, for a long time at least, what we have termed the maximum quiescent 
pressures, but we agree in thinking that they would not afford that margin of safety 
which is required in a high dam, especially one of vital importance to a great 
population, against the extraordinary forces that in the course of time may be 
brought to bear upon it. 

As possessing some interest for purposes of comparison of profiles, we also 
present in the appendix four other profiles, designated A, B, C and I, selected out 
of a number which we have had submitted to an analysis of the stresses produced 
under various conditions. On comparing the results shown in the diagrams and 
tables, it will be seen that Profile A fulfils all the required conditions except that 
pertaining to ice thrust. The curve of toe pressures is not, however, as regular in 
its increase as is desirable. 

Profile B exhibits what may be deemed an excess of strength in the upper 
portion and an excess of toe pressure at the base. 

Profiles C and I are approximations towards the combination sought, of mini 
mum area with uniformly increasing strains from top to bottom within certain 
limits, under all conditions. 

The profile N, which we have recommended, has above elevation 136 an 
area 366 square feet greater than A, but below that elevation 1,153 square feet 
less area. That the increased area above E. 136 adds greatly to the stability is 
shown by the diagram of pressures and factors of safety. The ice slope on the 
water face above elevation 193 serves to reduce the thrust of expanding ice and 
to relieve the shock of moving masses on the upper portion of the dam and also 
to reduce the mass of the masonry at the point where thickness is not needed, 
without injuring the appearance of the lower face of the dam. It will also admit 
of the widening of the roadway of the dam, if it should ever be desirable. 

We desire to express our obligations to the Engineers of the Aqueduct Com- 
missioners for the information furnished us and the computations made at our 
request and we would especially acknowledge the services of Mr. F. W. Frost, C.E., 
in the thorough analysis of the various profiles we have had under considera- 
tion, involving a great amount of work, which has been most carefully and intelli- 
gently done by him. 



THE PLAN AND LOCATION OF THE DAM. 

It will be seen by reference to the accompanying topographical map, that 
Croton River, approaching the site heretofore proposed for the dam, swerves 
rather sharply to the left, through a narrow gorge, into the Quaker Bridge ravine. 
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This ravine is bounded westwardly by a well-defined rocky promontory, of 
irregular height, having on its western side and extending a considerable distance 
to the southward, a broad elevated swale which will be submerged when the 
reservoir is formed and will become the approach to the spill-ways or waste- 
weirs. 

If the right fore-arm and hand, palm down, with fingers together flatwise and 
thumb spread apart from them about half its utmost, were laid in snow, and a 
deep dent then made with arm and thumb alone, we should have a general mould 
of the ground, the imprints of the thumb and hand representing the ravine and 
the embayed swale respectively, and the ridge left between them the promontory. 

It has been proposed heretofore to locate the dam below the entrance to 
the ravine. 

Of the two plans presented to us, the first designated as No. i, which is 
advocated by your Engineer, locates it on a line beginning at the summit of the 
promontory on the west bank, and running in the general direction of the pro- 
montory, north-eastwardly in a straight line for 326 feet, and then deflecting about 
45 degrees to the east and crossing fhe valley at right angles to its general direc- 
tion in a straight line for a further distance of 1,077 f^^^* making the total length 
of the dam fourteen hundred and three (1,403) feet. 

The other plan, designated as No. 2, submitted to us, recommended by Mr. 
Oliver W. Barnes, locates it on a curve of nine hundred (900) feet radius, begin- 
ning and terminating at the same points as the bent or angular location No. i, 
and having a length, measured on the water face, of fourteen hundred and ninety- 
six (1,496) feet. 

We have given the plans laid before us, and the arguments presented to us 
relative thereto, attentive consideration, covering a field of study so extensive 
that it has seemed advisable to present herein only the conclusions upon 
which we are agreed, and not to spread before the Commissioners the method 
by which they have been reached or a discussion of the several arguments in 
detail. 

As to curved and straight plans generally, without reference to the 
Quaker Bridge location, all authorities agree that the same principles should 
be followed in the designing of the profile whatever the plan, unless the curve has 
a very short radius, not exceeding, say, three hundred (300) feet. 

In studying the transmission of pressures through the masonry of a dam 
built on a curved plan and subjected to water pressure on one side, we have made 
calculations of their magnitude, which, while only roughly approximate and show- 
ing limits which probably are not exceeded, rather than actual values, yet have 
appeared to us of sufficient weight to materially aid in reaching just conclusions. 



59 

Our conclusions may be thus stated : 

First. — That in designing a dam to close a deep narrow gorge, it is safe to 
give a curved form in plan and to rely upon arch action for its stability ; if the 
radius is short, the cross-section of the dam may be reduced below what is termed 
the gravity section, meaning thereby a cross-section or profile of such proportions 
that it is able by the force of gravity alone to resist the forces tending to over- 
turn it or to slide it on its base at any point. 

Second. — That a gravity dam built in plan on a curve of long radius, derives 
no appreciable aid from arch action, so long as the masonry remains intact ; but 
that in case of a yielding of the masonry the curved form might prove of 
advantage. 

The division between what may be called a long radius and what may be 
called a short radius, is, of course, indefinite, and depends somewhat upon the 
height of the dam. In a general way we would speak of a radius under three 
hundred (300) feet as a short one, and one of over six hundred (600) feet as a 
long one, for a dam of the height herein contemplated. 

Third. — That in a structure of the magnitude and importance of the Quaker 
Bridge Dam, the question of producing a pleasing architectural effect is second 
only to that of structural stability, and that such an effect can be better obtained 
by a plan curved regularly on a long radius than by a plan composed of straight 
lines with sharp angular deflections. 

Fourth, — That the curved form better accommodates itself to changes of 
volume due to changes of temperature. 

While danger of the rupture of the masonry of the dam by extraordinary 
forces, if built on the profile herein recommended, is, in our opinion, very remote, 
yet it exists, and because it exists, and because the curved form is more pleasing to 
the eye, better satisfies the mind as to the stability of the structure and more 
readily accommodates itself to changes of temperature, we think that it should be 
preferred, in any case where it would cause no great addition to the cost. 

In comparing different locations of the dam, in order to discover the one 
which combined most effectively the advantages of economical construction and 
pleasing effect, we were confronted with the fact that our calculations indicate that 
in a dam built upon a curved plan of large radius, the bottom down-stream toe 
pressures are increased beyond those in a straight dam of the same section, in 
consequence of the length of the toe being less than the length of the face to 
which the pressure of the water is applied. 

This increase of pressure is not exactly proportional to the decrease of length 
of toe, but is of such magnitude that it should not be neglected in designing the 
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section of the dam, and it involves the necessity of increasing the mass of masonry 
in a certain proportion to the radius of the curvature. 

To fairly compare the cost of different locations, it seemed proper, therefore, 
to so modify the profile adopted by us (N) which fulfills the conditions of stability 
on a curve of 1,200 feet radius, that the limit of allowable pressures should be 
approximated to in each case where the radius of curvature varied materially from 
that figure. The estimates of cost on different lines are therefore based on dif- 
ferent cross-sections of the masonry, but all of approximately the same stability 
under the conditions in which they are placed. 

In the study of practicable locations we have been aided by the ver>' thorough 
topographical maps and records of borings furnished us by your Engineer, and 
have had estimates of quantities made on several locations. A few of these have 
sufficient value to be presented to you. 

The estimates of quantities on these locations have been made by your Engi- 
neers from the topographical maps and records of borings. They are approxi- 
mate only, but being all computed on precisely the same basis, afford, we believe, a 
sufficiently accurate comparison of the relative amount of work required on the 
several plans, but they do not include the cost of providing the carrying of the 
water of the river past the work during construction, nor that of other items of 
expenditure which are common to all plans. The prices assumed are, moreover, 
not based on a critical examination of the cost of work in that particular locality, as 
no investigations have been made, so far as we can learn, to discover where, in 
that vicinity, suitable stone for the structure can be procured. In the absence of 
such data we have been guided in our estimates by our general opinion of the 
value of such work in such a locality. 

The location No. i, being the angular line recommended by your Chief Engi- 
neer, is evidently selected with a view of securing the minimum of masonry 
obtainable by crossing the deep valley by straight lines. From that point of 
view, the location is a judicious one. Applying to it the modified profile Ni, 
which fulfills the conditions for a curve of infinite radius, or a straight line, the 
estimate of quantities and cost is as follows : 



Excavation below river level 

Rock excavation 

Masonry below elevation 35 

Masonry between ** 35 and 100 . 
Masonry between " 100 and 150 
Masonry between " 150 and top 
Lineal feet coping 

Total estimated cost 



Cubic Yards. 


Price. 


Cost. 


268,000 


$1 


$268,000 


40,671 


2 


81,342 


178,671 


6 


1,072,026 


^62,553 


6,60 


1,072,850 


84,642 


7 


592,494 


88,244 


8 


695,952 


1,403 


30 


42,090 



*3,824,754 
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The location No. 2 on a curve of 900 feet radius appears to have been selected 
with the object of following, as far as practicable, the promontory, and at the same 
time connecting by a curved line the extremities of location No. i. Applying to 
it the modified profile N2, which fulfills the conditions for a curve of 900 feet 
radius, the estimate of quantities and cost is as follows : 



Excavation below river level 

Rock excavation 

Masonry below elevation 35 

Masonry between " 35 and 100. . 
Masonry between " 100 and 150. 
Masonry between " 150 and top. 
Lineal feet coping 



Cubic Yards. 



318,000 

60,876 

211,786 

163,959 

93,771 

95,997 

1,496 



Price. 



$1 
2 



Total estimated cost. 



6 
6. 

7 
8 

30 



60 



Cost. 



^318,000 

121,752 

1,270,716 

1,082,129 

656,397 

767,976 

44,880 



$4,261,850 



By building the dam on this location, therefore, its length would be increased 
7 per cent., the mass of masonry 10 per cent, and the cost 11.4 per cent, over loca- 
tion No. I. 



It seemed desirable to know whether there would be any economy in crossing 
the valley by the shortest line between the hills, and we, therefore, had an estimate 
made on location No. 3. Applying to it the modified profile Ni, the estimate of 
quantities and cost is as follows : 



Excavation below river level 

Rock excavation 

Masonry below elevation 35 

Masonry between ** 35 and 100 

Masonry between " 100 and 150 

Masonry between *• 150 and top 

Lineal feet coping 

Total estimated cost 1 



Cubic Yards. 


Price. 

1 

6.60 

7 
8 

30 


Cost. 


348,000 

58,938 
232,000 

183,750 
96,071 

83,453 
1,263 


*348,ooo 

117,876 

1,392,000 

1,212,750 

672,497 

667,624 

37,890 







$4,448,637 



It appears, therefore, that by taking the shortest straight line practicable, while 
the length of the dam is decreased 10 per cent., the mass of masonry is increased 
16 per cent, and the cost increased 16.4 per cent, over location No. i. 
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With the view of finding in this vicinity a location on a curve of large radius 
which would give less length of dam at the top than either No. i or No. 2, and 
would strike the easterly shore of the lake more nearly at right angles than either 
of these locations, several trial lines were estimated on. The location which appears 
to best fulfill these conditions is designated on the map as No. 4 and is on a radius 
of 1,200 feet. Applying to this the profile N, the estimate of quantities and cost 
is as follows : 



Cubic Yards. 



Excavation below river level 315,000 



Rock excavation. 

Masonry below elevation 35 

Masonry between " 35 and 100. . 
Masonry between ** 100 and 150. 
Masonry between " 150 and top. 
Lineal feet coping 



58,938 
209,650 

177,719 

98,962 

86,125 

1,353 



Total estimated cost . 



Price. 



$1 

2 

6 

6.60 

7 
8 

30 



Cost. 



1315,000 

117,876 

1,257,900 

1,172,944 

692,734 

689,000 

40,590 



$4,286,044 



On this location the cost is apparently slightly in excess of that on location 
No. 2, but it is preferable to No. 2 in that it is 143 feet shorter at the top and is, 
moreover, better located on the east bank of the river. 

For the reasons hereinbefore given, and especially for the greatly superior 
architectural effect, we consider that the location on the curved line No. 4 is to be 
preferred to that on the angular line No. i. 

From a strictly economical point of view, however, the location on line No. i 
is probably the best that can be found, as the quantity of masonry will be less, and 
consequently the cost, irrespective of the expenditure needed for protection against 
the water of the river during construction, will be less by from $300,000 to $500,000 
than by any line continuously straight or curved from end to end across the valley, 
which we have examined. 

But the chief difficulty in building the dam will be in the construction of that 
portion of it which lies below the present river bed, in consequence of the cost, 
both in time and money, of the provisions for passing the water of the river by 
and over the work during the progress of construction, and the keeping of the pit 
from 80 to 90 feet deep free from water. 

In general it may be assumed that of two locations equally favorable in other 
respects, that one is to be preferred in which the amount of work to be done below 
the river bed and the time to be occupied in its construction is materially less. 
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With this in mind, there appears to be a very favorable location for the dam 
further up-stream at the entrance of the ravine, on the line designated on the map 
as No. 5. It starts on the promontory at the same point as No. i and follows a 
curve of 1,146 feet radius to a point on the east bank about 600 feet north of the 
north end of No. i. 

A few borings made in 1884 and several additional ones made within the past 
month give indications that in general the rock lies favorably for the construction 
of the dam on this line. The deep valley under the river bed is much narrower 
than it is further down the gorge, thus making a material reduction in the items of 
excavation and masonry below the river level. 

The length of the crest on this location is greater than on the other locations, 
but the line crosses the contour lines of the rock surface more nearly at right 
angles, and therefore probably will secure a good foundation with the least amount 
of rock excavation. 

It presents a water face more nearly tangential to the axis of the lake and 
therefore better fitted by position to withstand the impact of floating masses. 

We believe also that in case it should be thought advisable to pass the waters 
of the river through a tunnel during construction, this location would permit the 
driving of the tunnel on a shorter and in other respects more favorable line than 
would the other locations. 

When these facts are fully appreciated and weighed in connection with the 
possibilities of serious delays and losses by damage from freshets while the work 
is still below the river surface, the great importance of a more thorough examina- 
tion and analysis of this location will be seen. Applying profile N, the estimated 
cost on this location, designated on the map as No. 5, is as follows : 
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Excavation below river level ......... 

Rock excavation 

Masonry below elevation 35 

Masonry between *' 35 and 100. 
Masonry between " 100 and 150 
Masonry between " 150 and top 
Lineal feet coping 

Total estimated cost 



Cubic Yards. 



227,188 
63,703 
151,459 
161,831 
128,459 

111,243 
1.693 



Price. 



2 

6 

6.60 

7 
8 

30 



Cost. 



$227,188 
127,406 

908,754 

1,068,085 

899,213 

889,944 

5o»790 



$4,171,380 



The cost of this location will, therefore, according to the best obtainable data, 
be $347,626 greater than on location No. i, but for that portion of the dam below 
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the river level the cost will be $204,084 less than on location No. i, and $440,958 
less than on location No. 4. 

This may become an important factor in the final determination of the location 
of the dam. If these figures of the cost below the river level should be confirmed 
by further examination, we are of the opinion that this location, No. 5, is greatly 
to be preferred to any of the other lines. 



CONCLUSIONS. 

In view of the premises and pursuant to our instructions, and believing that 
the dam will be more pleasing in appearance and better able to resist extra- 
ordinary forces if built on a curved plan, and bearing in mind that an excessive 
thrust in the direction of the curve cannot be produced until the force of gravity 
has been overcome and that the profile N is so proportioned that more than twice 
the greatest pressure exerted by any conceivable ordinary force is necessary to 
overcome the resistance of gravity, we recommend the adoption of the Profile or 
Cross-section N, and of a curved plan on a radius of about 1,200 feet as herein- 
before described, and we advise that the exact line be determined after further 
borings shall have established the most desirable location on the conditions 
prescribed. 

It should be added in conclusion that the form and dimensions herein recom- 
mended for adoption are prescribed on the assumption that the structure shall be 
well founded, and that its material and workmanship shall be of the first class in 
their several kinds. 



Respectfully submitted, 



JOS. P. DAVIS, 
J. J. R. CROES, 
WM. F. SHUNK. 
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(I) NORMAL CONDITION : 

Water in Reservoir at Elev. 202. 



TABLE 



PROFILE "N" FOR CUR 
SYNOPSIS OF DATA :— PRESSUF 






" 


- 


- - --_. 


-— --" 






— 


I 


2 


3 


4 


5 


6 


7 


P 


Elevation 

of 

Joint. 


Depth 

below 

Surface. 

1 1 


1. 

• 


u. 


M 


"'■ 


Resultant 

Moment. 

M. 


192 


1 
10 


30.15 


16.72 


0.15 


13.28 


71.2 


184 


18 


31.61 


16.35 


0.58 


14.68 


415.4 


173 


29 


34.20 


16.31 


1.62 


16.27 


1737. I 


162 


1 40 


37.42 


16.72 


3.12 


17.58 


4558.4 




151 


■' '' ; 


41.40 


17.36 


5.00 


19.04 


9448.1 




140 


'' , 


46.05 


18.23 


7.19 


20.63 


16975.0 


129 


73 


51.76 


19-47 


9.58 


22.71 


27707.8 


118 


84 , 


5992 


22.13 


11.89 


25.90 


42215.4 


107 


95 


69.13 


25.00 


14.17 


29.96 


61066.6 


96 


1 106 


78.91 


28.10 


16.39 


34.42 


84829.8 


74 


128 


98.49 


34.60 


20.63 


43.26 


149369.8 


35 


. 167 


133.20 


46.83 


27.69 


58.68 


331728.2 1 


— 20 


1 

222 1 


191.50 


69.91 


34.26 


87.33 


767427.0 : 


—52 


*54 


235.50 


89.58 


35.38 


110.54 


1 1 20267. 6 ;: 



1 ^ Length of Joint. 

u. ^ Horizontal Distance from the upstream ehd of any Joint to a vertical line through the 

Resultant Centre of Gravity, 
a. ^ Horizontal Distance from the intersection of the Resultant of the weights above any 

Joint and pressure of water to a vertical line through the Resultant Centre of Gravity, 
u'. — Horizontal Distance from downstream end of any Joint to the Final Resultant of the 

weights above the Joint and the Horizontal Pressure of Water. 
M, W and T arc expressed in cubic feet of Masonry. 
1 cu. ft. of Masonry ^ 146.25 lbs. 
I *' ** Saturated Gravel ^ .9 cu. ft. Masonry. 
I *' *• Water— 62.5 lbs. 
Ratio of Water to Masonry as i : 2.34. 

Formulae (De Beauve). 

Whenu' >^. p' -^J^(2- 3|L').(,) 

u <-, p — ,. (2) 

3 3u' 

A'O TE : In this Profile, formula (i) obtains for all Joints (down stream end) under all adopted 
conditions. 
For pressure at upstream end of Joints substitute in (1) and (2) u for u'. 
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(4) Reservoir empty. 



TABLE NO. 4. 



PROFILE " N " FOR CURVED DAM RA'DIUS 1,200 FT. 



I 


2 


3 


4 


5 


6 

Upstream Ei 


7 












\'D OF Joint. 


Elevation of 
Joint. 


, Area above Joint. 
Sq. ft. 


Length of Joint. 


u. 


Weight of Masonr>' 
W. 


Tons per sq. foot. 
P- 


Lbs. per sq. inch 
p. 


192 


468.6 


30.15 


17.08 


462. 


.674 


9.36 


184 


715.6 


31.61 


16.56 


706. 


1-397 


19 40 


173 


1077.6 


34.20 


16.46 


1063 . 


2-523 


35-04 


162- 


1471.5 


37.42 


16.83 


145 1. 


3.693 


51.29 


151 


1905-0 


41.40 


'7.45 


1877. 


4.885 


67.84 


140 


2386.0 


46.05 


18.31 


; 2349. 


6.018 


83.58 


129 


29230 


5^-76 


19.57 


2875. 


7.078 


98.31 


118 


3537-6 


59.92 


22.56 


3476. 


7.386 


102.57 


IC7 


4247.4 


69.13 


25.72 


4169. 


7.795 


108.26 


96 


5058.3 


78.91 


29.21 


4957. 


8.168 


113.44 


74 


7009.7 


98.49 


36.37 


! 6848. 


9.068 


125.94 


35 


11528.0 


133-20 


49.66 


11192. 


10.837. 


150.51 


— 20 


20457.0 


191.50 


73-95 


20970.* 


13.484 


187.28 


—52 


27481.0 


235.50 


94.35 


29787.* 

1 


14.764 


205.05 



Include saturated gravel. 



TABLE NO. 5. 

PROFILE **N." 
Calculated as a Straight Dam. 



Normal Condition. Water at Elevation + 202. 









Elevation of 
Joint. 


Depth Below 
Surface. 


Length of 
Joint. 


+ 192 


10. 


30.15 


+ 184 


18.0 


31.61 


+ 173 


29.0 


34.20 


+ 162 


40.0 


37.42 


+ 151 


510 


41.40 


+ 140 


62.0 


46.05 


+ 129 


73-0 


51.76 


+ 118 


84.0 


59.92 


+ 107 


95 -o 


69.13 


+96 


106.0 


78.91 


+ 74 


128.0 


98.49 


+35 


167.0 


133 20 


— 20 


222.0 


191.50 


—52 


254.0 


235.50 







Downstream 


End of Joint. 


T 


Factor of Safety 
against Over- 
Turning. 


Tons 
Per sq. ft. 


Lbs. 
Per sq. inch. 


044 


96.0 


1.57 


21.9 


095 


26.8 


2.02 


28.0 


165 


11.23 


2.67 


37.1 


231 


6.71 


3.43 


47.7 


290 


4.86 ; 


4.19 


58.2 


342 


3.91 


4.99 


69.2 


388 


3.41 


5.67 


78.7 


417 


329 


6.23 


86.5 


439 


3.16 


6.45 


89.6 


454 


3'4 


6.74 


93.6 


473 


3 «5 


7.47 


103.7 


484 


319 


9. II 


126.5 


424 


3.63 


11.39 


158.2 


364 • 


4.25 


12.67 


176.0 
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TRIAL PROFILE 
BOARD OF EXPERTS. 

r FINE LINE SHOWS PROFILE N) 
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PROFILE PROPOSED BY ENGINEERS 
OF THE AQUEDUCT COMMISSION. 

(FINE Ul N E SHOWS PROFILE N.) 
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PROFILE PROPOSED BY 
DEPARTMENT OF PUBLIC WORKS. 

( Fl IM E LINE SHOWS PROFILE N.) 
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PROFILE PROPOSED BY 
A.M ARICH AL C.E. 

(riNC Ul N e SHOWS PROFrLE n.) 
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